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SUMMARY 

An experimental   aerodynamic-heating  investigation w a s  conducted a t  an  average 
free-s t ream Mach number of   6 .9   to   determine  effects  of  boundary-layer  flow  separation 
on the  aerothermal  environment  in a simulated  wing-elevon  cove. The model  used w a s  a 
fu l l - s ca l e   hea t - s ink   r ep resen ta t ion   o f  a s e c t i o n  on t h e  windward surface  of  the  Space 
S h u t t l e   o r b i t e r  a t  the  wing-elevon  juncture. A ramp w a s  a t t a c h e d   t o   t h e   e l e v o n   t o  
provide  the  f low  def lect ion  angles   required  for   boundary-layer   f low  separat ion.  
Externa l  and i n t e r n a l   p r e s s u r e  and  cold-wal l   heat ing-rate   dis t r ibut ions  were  obtained 
fo r   quas i - l amina r   s epa ra t ion ,   t r ans i t i ona l   s epa ra t ion ,   t u rbu len t   s epa ra t ion ,  and 
attached  f low. Test v a r i a b l e s  were  cove s e a l   l e a k   a r e a  ( 0 ,  13,  50,  and  100  percent 
of   the  cove  entrance  area)  , ramp angle  (15O, 25O, 30°, and 35O) , and  f ree-s t ream  uni t  
Reynolds number (0.35 x l o 6 ,  1 -00  x 106, and 1.38 X 106 p e r   f o o t )  . Wing angle  of 
a t t a c k  w a s  5O ( f low  compress ion) ;   average   to ta l   t empera ture   for  a l l  t e s t s  w a s  3360 R,  
and  wal l - to- total- temperature   ra t io   €or   the  external   f low w a s  about 0.17. Free- 
s t ream dynamic pressure  ranged from 2 t o  9 p s i .  The cove  entrance w a s  loca ted  4 f t  
downstream  from the  leading  edge  of   the test apparatus .  Cove span was 41.25 i n . ,  
and  cove  width  where w a l l s  were p a r a l l e l  was 0.5  in.  

0 

Cove environment w a s  mos t   s eve re   fo r   t r ans i t i ona l  and tu rbu len t   s epa ra t ion ,  as 
evidenced by (1) cove p r e s s u r e s   t h a t  matched o r  exceeded  separated-flow wing pres-  
su res  up t o  3.6  times  the  attached-flow wing p res su re ,  ( 2 )  cove seal d i f f e r e n t i a l -  
p re s su re   l oad ing   t ha t  w a s  equiva len t   to   separa ted- f low wing p res su re   fo r   l eaks  up t o  
50 pe rcen t ,   ( 3 )   hea t ing   r a t e s   i n   t he   cove  and a t  the  elevon  bulkhead  behind  the  seal  
t h a t   a t   l e a s t   e q u a l e d   t u r b u l e n t   s e p a r a t e d - f l o w  wing h e a t i n g   r a t e s  up t o  7.3 times 
laminar  at tached-flow  values,  and ( 4 )  s t ream  equi l ibr ium  temperatures   in   the  cove and 
a t  the  bulkhead  that   were 66 percent  and 36 percent   of   total   temperature ,   respec-  
t i v e l y ,  a t  maximum leakage.  For  quasi-laminar  separation,  cove  pressures matched 
separated-flow wing p res su res ,  which  were up t o  20 percent   g rea te r   than   a t tached-f low 
values;   cove  heat ing  ra tes   decreased from separated-flow wing values  a t  the  cove 
en t rance ,  which  were as much as one  order of  magnitude l e s s   t h a n   f o r   t r a n s i t i o n a l  or 
tu rbu len t   s epa ra t ion .  For t r a n s i t i o n a l  and tu rbu len t   s epa ra t ion ,   i nc reas ing   t he  
amount of   cove  leakage  progressively  increased  heat ing  ra tes   in   the  cove  to   values  
t h a t  exceeded  the  turbulent   heat ing  ra tes  on the  wing. However, when the  boundary- 
l aye r   suc t ion   e f f ec t   o f   t he   l eak ing  cove was s u f f i c i e n t   t o   r e d u c e   t h e   e x t e n t   o f  
s e p a r a t i o n   s i g n i f i c a n t l y ,  a f u r t h e r   i n c r e a s e   i n  cove  leakage  reduced  cove  heating 
r a t e s   t o   t hose   fo r   l amina r   a t t ached   f l ow.  Where t h e  cove walls were p a r a l l e l ,   c a l c u -  
l a t ed   hea t ing - ra t e   d i s t r ibu t ions   ob ta ined  from a mathematical model t h a t  assumes 
laminar  developing  channel  f low  agreed  with  experimentally  obtained  distributions 
within  root-mean-square  differences  that   varied  between 11 and 36 p e r c e n t   f o r   l e a k  
a reas  of 50 and  100  percent. 

INTRODUCTION 

Ingestion  of  hot  boundary-layer  gas  into  the  spanwise  clearance,   or  cove, 
between  the  wing  and  control  surfaces is an   impor t an t   f ac to r   t ha t  must  be  con- 
s i d e r e d   i n   t h e   d e s i g n  of shu t t l e - type  winged r een t ry   veh ic l e s .  On the  current   Space 
S h u t t l e   o r b i t e r ,   i n g e s t i o n  is impeded by means of a spring-loaded  polyimide  rub seal 
located  near  the  elevon  hinge  axis.   Otherwise,  as i l l u s t r a t e d   i n   f i g u r e  1, d i f f e r -  
e n t i a l   p r e s s u r e  between the  windward  and  leeward su r faces  would d r i v e   p a r t   o f   t h e  



boundary  layer  through  the  cove  where it would c o n t a c t  the i n t e r i o r  aluminum load- 
bea r ing   s t ruc tu re  which i s  not   thermal ly   p ro tec ted .  The s e v e r i t y   o f   r e e n t r y   h e a t i n g  
on  the  wing  near  the  cove  entrance w a s  demonstrated  on  the  second  f l ight   of   the   Space 
S h u t t l e  (STS-2) by steady-state  temperatures  of  approximately 2100°R f o r   s e v e r a l  
hundred  seconds.  Those  temperatures,  recorded by onboard  development f l i g h t   i n s t r u -  
mentation  (DFI),  occurred a t  approximately  60  and 95 percent   o f   the   span   near   the  
outboard  ends  of  both  elevons (see o r b i t e r   s k e t c h   i n   f i g .  1). Moreover,  during  the 
f i r s t   f l i g h t  (STS-11, te lemet ry   da ta ,   t ransmi t ted  a f t e r  peak   reent ry   hea t ing ,   ind i -  
cated a w a l l  temperature  descending  from 2100°R i n   t h e  cove ( t r i a n g l e  on  cross- 
s e c t i o n a l   s k e t c h   i n   f i g .  1) a t  90 percen t  of t he   span   ( r e f .  1). The DFI and teleme- 
t r y   d a t a  were sensed  by  thermocouples   within  the  thermal   protect ion  system (TPS) 
t i l e s   i n   t h e r m a l   c o n t a c t   w i t h   t h e   s u r f a c e   c o a t i n g .   C e r t a i n l y ,   i n   e v e n t   o f  a cove 
seal  f a i lu re ,   exposure   t o   t ha t   l eve l   o f   hea t ing  wou ld   be   d i sa s t rous   fo r   t he   i n t e r io r  
aluminum e levon  s t ruc ture .   Indeed ,  STS-1 pos t f l igh t   inspec t ion   revea led   thermal ly  
damaged insu la t ion   i n   t he   cove   t ha t   r equ i r ed   r ep lacemen t  by a material capable  of 
withstanding  higher  temperatures.  

Concern   over   cove   hea t ing   problems  an t ic ipa ted   p r ior   to  STS-1 l e d   t o   e x p e r i -  
mental  aerodynamic-heating  investigations a t  the  Langley  Research  Center t o   d e f i n e  
the  nature  of  cove  flow  with  emphasis  on  thermal  response  of  an  unsealed  cove.  For 
t h i s  work, a fu l l - sca le   hea t - s ink   representa t ion   of  a s e c t i o n  on t h e  windward s u r f a c e  
of   the   Space   Shut t le   o rb i te r  a t  the  wing-elevon  juncture w a s  exposed t o   t h e  hyper- 
sonic  aerothermal  environment  produced  in  the  Langley  8-Foot  High-Temperature  Tunnel. 
The i n i t i a l   i n v e s t i g a t i o n  ( r e f .  2)   focused  on  effects   of   turbulent   a t tached  f low.  
Its r e s u l t s   d e s c r i b e d  a f a i r l y   t o l e r a b l e  cove  heating  environment a t  Mach 6.9  regard- 
l e s s  of   l eak   s ize ,   bu t   sugges ted   tha t   convec t ive   hea t ing   in   the   cove  may inc rease  
with t i m e .  However, p re s su res  and  cold-wall   heating rates s i g n i f i c a n t l y   i n c r e a s e d   i n  
the  cove and a t  the  elevon  bulkhead  behind  the seal  when the   tu rbulen t   boundary   l ayer  
w a s  forced t o  separate   ahead  of   the  cove  entrance.   These  increases   resul ted  f rom 
inges t ion   o f  more f l u i d  mass than w a s  a v a i l a b l e  when flow w a s  at tached.  Although 
wing  flow  separation  from  the windward su r face  is  n o t   a n t i c i p a t e d   o n   S h u t t l e   f l i g h t s ,  
it w a s  o f   i n t e r e s t   t o   e x p l o r e  i t s  e f f e c t s   f u r t h e r  and t o  form a d a t a   b a s e   f o r   f u t u r e  
a n a l y t i c a l  work on  cove-f low  def ini t ion.   Consequent ly ,   the   present   invest igat ion w a s  
i n i t i a t e d   t o   d e f i n e  cove  response t o  f low  separat ion as a function  of  cove seal  l eak  
area, f low  def lect ion  angle ,   and  f ree-s t ream  uni t   Reynolds  number. The bulk  of   the 
i n v e s t i g a t i o n  w a s  conducted  for   separat ion  of   an  ini t ia l ly   a t tached  laminar   boundary 
layer ,   a l though a few tests were a l so   conduc ted   t o   i nduce   s epa ra t ion   o f   an   i n i t i a l ly  
a t tached  turbulent   boundary  layer .   For   these tests,  flow w a s  d e f l e c t e d  a t  angles  
s u f f i c i e n t   t o   f o r c e   s e p a r a t i o n  by  means of a ramp mounted  on the   e levon  of   the   ex is t -  
i ng  model. 

Pressure  and  cold-wal l   heat ing-rate   dis t r ibut ions  were  obtained  a long  the  wing,  
cove,  and ramp su r faces  a t  a wing p i tch   o f  5 (flow  compression)  and ramp d e f l e c t i o n s  
of 15O, 25O, 30°, and 35O f o r  cove seal leak areas of 0 ,  1 3  , 50,  and 100 percent   o f  
the cove  entrance area (20.625 i n  1. Stream  equi l ibr ium  temperature   dis t r ibut ions 
were a l so   ob ta ined   i n   t he   cove  and in   f ront   o f   the   e levon  bu lkhead .   Free-s t ream  uni t  
Reynolds  numbers  were  nominally  0.35 x l o 6 ,  1.00 X I O 6 ,  and 1.38 X 106  per   foo t .  
Average  free-stream Mach number f o r  a l l  tests w a s  6.9,   and  average  total   temperature 
f o r  a l l  t e s t s  w a s  3360OR. Wall- to- total- temperature   ra t io  w a s  about 0 .17 ,  and  free- 
stream dynamic pressure  ranged from 2 t o  9 p s i .  The e f f ec t s   o f   ex t e rna l   f l ow  cond i -  
t i o n s ,  ramp angle,   free-stream  unit   Reynolds number,  and  cove seal  l e a k  area on 
p res su res  and  cold-wall   heating rates i n   t h e  cove are discussed.  Cove d a t a  are a l s o  
compared wi th   va lues   ca lcu la ted  from a hea t - t r ans fe r   r e l a t ionsh ip   based  on a mathe- 
matical model  from re fe rence  3 t h a t  assumes  laminar  developing  channel  flow. 
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SYMBOLS 

2 area of  cove  entrance,  20.625 i n  

area of  cove seal l e a k ,   i n  

spec i f ic   hea t   o f   combust ion-products   t es t  medium a t  cons tan t   p ressure  

hydraul ic   diameter ,   based on  cove c ross   sec t ion   where  w a l l s  are paral le l ,  

2 

0.50 i n .  

g r a v i t a t i o n a l   c o n s t a n t ,  32.2 f t / s e c  

loca l   ae rodynamic   hea t - t r ans fe r   coe f f i c i en t ,   B tu / f t  -sec- R 

thermal  conductivity  of  combustion-products t e s t  medium, Btu/ft-sec-OR 

thermal  conductivity  of  moael w a l l  material , Btu/ft-sec-OR 

cove   l eng th   ( i n se t ,   f i g .  2 4 )  , i n .  

2 

2 0 

Npr 

Mach number 

mass-flow r a t e  , lbm/sec 

Stanton number, - h 
PVCP 

Nusselt  number, - hx 
k 

s ta t ic  p r e s s u r e ,   p s i a  

average  cove  pressure (p15 

d i f f e r e n t i a l   p r e s s u r e   ( p 2 2  

P rand t l  number, - cPu 
k 

NRe 

r 

S 

S' 

dynamic p r e s s u r e ,   p s i  

hea t - t r ans fe r  r a t e  p e r   u n i t  area, B t u / f t  -sec 
L 

p e r f e c t   g a s   c o n s t a n t  

Reynolds number 

cove  radius ,   6 .50  in .  

su r f ace   d i s t ance   r e fe renced  from a loca t ion   on  wing (table I ) ,  i n .  

su r f ace   d i s t ance   r e fe renced  from a location  on  elevon  leading  edge 
( t a b l e  I) , i n .  
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T temperature,  R 
0 

t t ime,   sec 

V v e l o c i t y ,   f t / s e c  

X su r face   d i s t ance   i n   t he   cove   r e fe renced  from  cove  entrance  ( inset ,  
f i g .  231, i n .  

a wing angle   of   a t tack  in   compression  direct ion,   deg 

Y r a t i o  of s p e c i f i c   h e a t s  of  combustion-products t e s t  medium 

6 f low  de f l ec t ion   ang le   r e l a t ive  to  wing su r face  (ramp plus  elevon 
d e f l e c t i o n ,   f i g .  41, deg 

?J absolute   viscosi ty   of   combust ion-products   tes t  medium 

P mass density  of  combustion-products  test  medium, lbm/ft  

P W  

T model wa l l   t h i ckness ,   i n .  

3 

mass densi ty   of  model w a l l  mater ia l ,   lbm/f t  3 

Superscr ip t :  

* condi t ions  a t  E c k e r t ' s  reference  temperature  

Subscr ip ts :  

aw a d i a b a t i c  w a l l  

C cove 

9 gas 

R loca l   f ree-s t ream  condi t ions  j u s t  outside  boundary  layer 

r e f   r e f e rence   l oca t ion  on  wing ( t a b l e  I) 

t to ta l   condi t ion   in   combustor  

t o t   t o t a l   c o n d i t i o n   i n  cove (table IV) 

W model wall 

a , b , c ,  ...,g bead  thermocouple  locations  (fig.  7 )  

1,2,3, ..., 51 o r i f i c e  and w a l l  thermocouple   locat ions  ( table  I and f i g .  3 )  

00 undisturbed  f ree-s t ream  condi t ions 
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Abbreviations : 

R t  loca t ion   of   rea t tachment  

S loca t ion   of   f low  separa t ion  

T r  loca t ion   of   boundary- layer   t rans i t ion  

MODEL, F A C I L I T Y ,  AND TESTS 

Model 

Externa l   conf igura t ion . -  The model f o r   t h e   p r e s e n t   i n v e s t i g a t i o n  is shown 
i n s t a l l e d   i n  a large  s t ing-mounted  tes t   bed  in   f igure 2. Except  for  external  modifi-  
c a t i o n s   t h a t  were made t o   s a t i s f y   t e s t   r e q u i r e m e n t s   t o   p r o v i d e  (1) laminar  flow  over 
t h e  wing  and ( 2 )  f l ow  de f l ec t ion   ang le s   t ha t  would force  f low  separat ion  off   the  
wing,  the  apparatus i s  e s s e n t i a l l y   t h e  same as t h a t  used i n   t h e   i n v e s t i g a t i o n  of  cove 
hea t ing   r epor t ed   i n   r e f e rence  2.  Laminar  flow w a s  maintained by using a blunted 
leading-edge  piece and a  smooth n i cke l  wing p l a t e   t h a t   r e p l a c e d  a surface  formerly 
covered   wi th   ceramic   t i l es .  The range  of   avai lable   f low  def lect ion  angles  was 
extended by mounting a n i c k e l   r o t a t a b l e  ramp a top   t he   ex i s t ing   ro t a t ab le   e l evon .  
Aerodynanic  fences  that   extended  from  the  leading  edge  were  used  to  contain  the  f low 
over   the  wing  and ramp su r faces .  

Model 
f i g u r e  3 .  
with ramp , 

assembly.-   Internal  components  of the  assembled model a r e   i l l u s t r a t e d   i n  
These consis ted  of  a wing-cove housing, a rub   p l a t e ,  a s e a l ,  and  an  elevon 
p laced   wi th in  a l a rge   open ing   i n   t he   t e s t   bed .  They a r e   t h e  same compo- 

n e n t s   u s e d   i n   t h e   i n v e s t i g a t i o n   r e p o r t e d   i n   r e f e r e n c e  2.  A s  i n   t h a t   i n v e s t i g a t i o n ,  
the  e levon  s idewalls   were  hinged  to   the  aerodynamic  fences   to   a l low  e levon  rotat ion.  
Elevon  def lect ion w a s  var ied   us ing  a dual  a i r  motor dr ive   sys tem  loca ted   ins ide   the  
t e s t  bed. The s idewalls   of   the   e levon and  wing-cove  housing  and the  s ide  edges  of  
t he  wing  and  ramp p l a t e s  were  sealed  against   the  fences.   Thus,   f low  along  the wing 
su r face  w a s  a l lowed  to   ingress   on ly  a t  the  cove  entrance,  and the  f low  along  the 
curved  leading  edge of the   e levon and up the  ramp could   no t   l eak   in to   the   cav i ty  
beh ind   t he   cove   s ea l   t o   i n f luence   i n t e rna l   p re s su re   d i s t r ibu t ion .  Flow t h a t  w a s  
admit ted  into  the  cove by a leaking   sea l   vented   to   low-pressure   reg ions   a t   the   base  
of the  elevon  and ramp as i l l u s t r a t e d  by the   c ros s - sec t iona l  view i n   f i g u r e  4 .  Dur- 
i ng   t e s t s   a t   z e ro   e l evon   de f l ec t ion ,   t he   i n t e rna l   f l ow  ven ted   t h rough  a gap  between 
the  ramp and c l o s u r e   p l a t e  a t  the   base   o f   the  ramp and p a s t  a gap  between t h e   t r a i l -  
i ng  edge of the   e levon  and  the  tes t   bed.  

A s  i n d i c a t e d   i n   f i g u r e  4 ,  t h e   t e s t  bed w a s  approximately 118 in .   l ong ,  55.4 i n .  
wide,  and 1 2  in .   deep.  The leading-edge  piece w a s  machined  from solid  copper  and was 
blunted t o  a rad ius   o f  0.38 i n .   ( f i g .  4 ( a ) ) .  The choice  of  leading-edge  radius w a s  
guided by r e s u l t s ,   r e p o r t e d   i n   r e f e r e n c e  4 ,  from c a l i b r a t i o n   t e s t s   o f  a f l a t   p l a t e  
mounted i n   t h i s   t e s t  bed.  Those r e su l t s   i nd ica t ed   t ha t   l amina r   f l ow  cou ld   be  main- 
t a ined  t o  the  cove  entrance  with a leading-edge   rad ius   o f   tha t   s ize  a t  a nominal 
f ree-s t ream Mach number of 7 and  nominal  free-stream  unit  Reynolds numbers  from 
0.4 X l o 6  t o   1 . 5  X lo6 per  foot. The cove  entrance w a s  loca ted  47.75 i n .  from the  
leading  edge  and w a s  unswept  with  respect t o  t h e   l o n g i t u d i n a l   a x i s   o f   t h e   t e s t   b e d  
and,  hence, t o   t h e   t u n n e l   s t r e a m   ( f i g .   4 ( d ) ) .  Cove span  between  fences w a s  
41.25 i n . ,  and ramp leng th  w a s  1 2  i n .  The s h o r t  ramp length  precluded  tunnel  f low 
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breakdown a t  high ramp ang les ,   bu t   t he   c losu re   p l a t e   ( f i g s .  3 and 4 (a) ) behind  the 
ramp shielded  instrumentat ion  under   the ramp from  base  heating. The fences  extended 
from the   l ead ing-edge   p iece   to   the   base   o f   the   e levon  and  t o  a maximum height  above 
t h e  t es t  sur face   o f  11 i n .   ( f i g .  4 ( a ) ) .  Flow dis turbance   over   the  t e s t  s u r f a c e s  from 
the   fences  w a s  minimized  by means of  a 30° bevel   on   the   ou tboard   sur face   o f   each  
f ence   ( f ig .   4 (b )  ) to   a l low  formation of an  a t tached  shock wave away from  the  wing 
su r face .  

Wing s u r f a c e   f a b r i c a t i o n   a n d   i n s t a l l a t i o n . -  The wing p l a t e  w a s  f a b r i c a t e d  from 
0.25-in"thick  nickel   20i   f inished to a surface  roughness   of   125  pin.  , r m s .  Besides 
provid ing   sur face   smoothness ,   n icke l   ex te rna l  t es t  surfaces   offered  thermal   and 
s t ructural   advantages  in   the  hypersonic   aerothermal   environment   of   the  t e s t  f a c i l i t y  
as w e l l  as convenience   for   ins ta l l ing   sur face   ins t rumenta t ion .  A s emicy l ind r i ca l  
nickel  rod  with  radius  of  0.25  in.   welded  to  the  downstream  edge  of  the  wing  plate 

' dup l i ca t ed   t he   rounded   l i p  a t  the cove  entrance  used i n   t h e   i n v e s t i g a t i o n   r e p o r t e d   i n  
r e fe rence  2.  Upstream  of t h i s  rounded l i p ,   t h e r e  w a s  a 0 .25-in.- thick  a i rspace 
between  the  wing p la te  and tes t  bed.  Thus, direct   contact   between  the  wing  plate   and 
t e s t  bed w a s  avoided.   These  detai ls   are  shown as a n   i n s e r t   i n   f i g u r e   4 ( c ) .  The air- 
space  vented a t  the   junc ture   o f   the   l ead ing-edge   p iece   and   the   wing   p la te   to   p rec lude  
t rapping   a tmospher ic   p ressure   under   the   p la te   dur ing   tunnel   s ta r tup .  

The wing p l a t e  w a s  b o l t e d   t o   t h e   t e s t  bed  and  wing-cove  housing a t  4 1  threaded 
a t t achmen t   f i t t i ngs   t ha t   were   we lded   t o  i t s  back  surface.  The f i t t i n g s  were d i s -  
t r i b u t e d   i n  a manner tha t   c leared   the   s t reamwise   cen ter l ine   for   ins t rumenta t ion  by 
4 i n .  One at tachment   near   the  center l ine  and  c lose  to   the  cove  entrance w a s  
anchored,  whereas a l l  other   a t tachments   f loated  to   a l low  in-plane  thermal   growth  both 
l a t e r a l l y  and  upstream. The heavy  copper  leading-edge  piece  offered no r e s i s t a n c e   t o  
upstream movement of  the  wing p la te  because i t ,  too ,  w a s  bo l t ed   t o   t he   back   su r f ace  
of   the  wing  plate;  a tongue-and-groove  arrangement  between  the  leading-edge  piece  and 
t e s t  bed, shown s i m p l i f i e d   i n   f i g u r e s  3 and 4(a) ,   a l lowed  the  leading-edge  piece  and 
wing p l a t e  to  move f r e e l y  as a u n i t .  A s  i n d i c a t e d   i n   f i g u r e   4 ( d ) ,   e x c e p t   f o r  a span- 
wise   bu t t   jo in t   be tween  the   l ead ing-edge   p iece   and   wing   p la te ,   the  wing s u r f a c e  w a s  
continuous  from  the  leading  edge  to  the  cove  entrance.  Gap width  and  surface  f lush-  
nes s   ac ross   t he   j o in t  w e r e  he ld   w i th in  a t o l e rance   o f  k0.002 i n .   t o  minimize  flow 
dis turbance  there .   Streamwise  surface  waviness   of   the   wing  plate   var ied  within 
f0.005 in .   a long   the   cen ter l ine .  However, as viewed  from  downstream, t h e r e  w a s  a 
sur face   depress ion   of  0.030 in .   bo th   i n   t he   ups t r eam  r igh t   quadran t   and   i n   t he  down- 
s t r eam  l e f t   quadran t .  

Ramp f a b r i c a t i o n  ~. . and . i n s t a l l a t i o n . -  . Like   the   wing   p la te ,   the  ramp s u r f a c e  w a s  
f a b r i c a t e d  from  0.25-in.-thick  nickel 2 0 1  and w a s  f i n i s h e d   t o  a surface  roughness  of 
125  uin. ,  r m s .  A 0.56-in.-diameter  nickel  rod  welded to  the  upstream  edge  of  the 
ramp formed a h inge   t ha t  mated  with a concave  surface  in  the  downstream  edge  of a 
curved   n icke l   p la te   on   the   l ead ing   edge   of   the   e levon.   This   de ta i l   can   be   seen   in  
the   c ros s - sec t iona l   v i ews   i n   f i gu re  5. The  ramp p l a t e  w a s  f a s t e n e d   t o  a s t e e l  sup- 
p o r t  framework  of streamwise s t i f f e n e r s   u s i n g   f l a t - h e a d  machine  screws  through  the 
ramp p la t e ,   bu t   t he   hea t - t r ans fe r   pa th   be tween   t hese  two components w a s  i n t e r r u p t e d  
by using  high-temperature  insulating  tape  under  the ramp. The downstream  end  of t h e  
ramp assembly w a s  supported by s i x  turnbuckles   tha t   were   fas tened   to   the   e levon as 
shown i n   f i g u r e   5 ( a ) .  By ad jus t ing   the   tu rnbuckles ,   the  ramp a n g l e   r e l a t i v e   t o   t h e  
elevon  could  be  varied  from 15O t o  30°. When t h e   d e s i r e d  ramp angle  w a s  s e t ,  t he  
turnbuckles were locked,  and  the  hinged  end w a s  a l so   l ocked   t o   t he   cu rved   p l a t e   on  
the  elevon by using  machine screws a t  four   p laces .  Maximum de f l ec t ion   o f   t he   e l evon  
alone w a s  approximately  19  re la t ive  to   the  wing  surface.  0 
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Internal  configuration.-   Dimensionally,   the  wing,  cove,  and  elevon  arrangement 
shown i n  f i g u r e  5 approximated t h a t   o f   t h e   S p a c e   S h u t t l e   o r b i t e r .  The wing-cove w a l l ,  
the   e levon  leading-edge  surface,   and  the  rub  surface  were  concentr ic   about   the  e levon 
h inge   ax is  a t  r a d i i   o f  6.50 i n . ,  6.00 i n . ,  and  3.38 i n . ,   r e s p e c t i v e l y   ( f i g .   5 ( b ) ) .  
Thus, the  concave  wing-cove w a l l  and  the  convex  elevon w a l l  formed a 0.5-in.-wide 
curved  channel whose length   var ied   wi th   e levon  def lec t ion .  The cove  flow  path  then 
turned  sharply  toward  the seal, and in   t ha t   r eg ion ,   t he   channe l   w id th   va r i ed .  The 
method  of sea l ing   the   cove  shown i n   f i g u r e   5 ( a )  w a s  based   on   an   ear ly   Shut t le   o rb i te r  
design  wherein  the seal w a s  f lex-hinge  supported  from  the  elevon  and  wiped  against  
t h e   c y l i n d r i c a l   r u b   s u r f a c e .  The rub   sur face  w a s  a machined s t a i n l e s s - s t e e l   p l a t e  
and  represented  the  rub  tube shown a t  t h e   o r b i t e r   e l e v o n   h i n g e   a x i s   i n   f i g u r e  1. The 
seal  used i n   t h e   p r e s e n t  model w a s  a 0.375-in"thick  machined  cast-iron  bar. I ts  
con tac t   w i th   t he   rub   su r f ace   fo r   ze ro   l eak  w a s  se t  by a d j u s t i n g  10 compression  screws 
d i s t r i b u t e d   a l o n g   t h e  seal  ( f i g .   5 ( a ) ) .   F u l l - s p a n   l e a k s  up t o  0.5  in.   high were s e t  
by  removing  shims  under  the  rub plate ,  as i l l u s t r a t e d   i n   f i g u r e   6 .  Leak gap he igh t  
w a s  maintained by means o f   t h in   space r s   p l aced  a t  1/3-span  intervals .  

. Instrumentation.-  There were 93 number 30-gage w i r e  s t a in l e s s - s t ee l   shea thed  
chromel-alumel  thermocouples  and 58 p res su re   o r i f i ce s   d i s t r ibu ted   t h roughou t   t he  
model. Most s enso r s  were d i s t r i b u t e d   o n   o r   n e a r   t h e   c e n t e r l i n e ,  as i n d i c a t e d   i n   f i g -  
ure  7. Most thermocouples  on  the  wing  and ramp s u r f a c e s  were on t h e   c e n t e r l i n e ,   b u t  
f i v e  were  placed  along  each  of two p a r a l l e l   l i n e s   1 2 . 3   i n .  from t h e   c e n t e r l i n e ,  as 
shown i n   f i g u r e  3. Wing thermocouples  were  never  closer  than 4 i n .   t o   a t t achmen t  
f i t t i n g s ,  and ramp thermocouples  were  1.3  in.   from  streamwise  st iffeners  on  the ramp 
support  framework.  Corresponding  wing  and ramp p r e s s u r e   o r i f i c e s  w e r e  l oca t ed  
approximately 1 in.   outboard  of  each  l ine  of  thermocouples.   In  the  cove, w a l l  
thermocouples   and  pressure  or i f ices  were spaced a t  l o o  i n t e r v a l s  where  channel wal ls  
were p a r a l l e l .  Wall thermocouples   and  pressure  or i f ices   were  a lso  dis t r ibuted  span-  
w i s e  in  the  cove,  on  the  rub  surface,   and  along  the  elevon  bulkhead  downstream  from 
t h e   s e a l  (see table I ) .  The sensors   on  the  bulkhead  were  located  to   receive  the 
pressure  and  heating  from  impingement  of  cove  f low  past   the  leaking seal .  A p i t o t  
pressure  probe w a s  p laced  ahead  of   the  cove  seal   near   locat ion e shown i n   f i g u r e  7 .  
Other   pressure  or i f ices   were  located  under   the  e levon  and ramp and a t  the  base  of   the 
elevon, ramp,  and test  bed.  Six  unshielded  beaded  thermocouples,   0.033  in.   in diam- 
e t e r ,  were d is t r ibu ted   a long   the   cen ter l ine   o f   the   cove   channel   0 .25   in .   f rom  the  
wing  cove wall  ( l o c a t i o n s  a through f i n   f i g .  7 ) ,  and f i v e  were d is t r ibu ted   spanwise  
along  the  bulkhead 0.06 i n .  f rom  the   sur face   ( loca t ion  g i n   f i g .  7 ) .  These  thermo- 
couples were in tended   on ly   to   ind ica te   cove  stream to ta l   t empera ture   response   to  
t e s t  condi t ions.   Miniature   probes  for   accurate   measurements   of   total   temperature   in  
the  cove stream were n o t   a v a i l a b l e   f o r   t h e   p r e s e n t  tests. 

For  wing  and ramp w a l l  temperature  measurements,  thermocouple w i r e s  were  indi-  
vidually  spot-welded  to  the  back  surface  of  the  0.25-in"thick  nickel  plate.   In  the 
aluminum  cove w a l l ,  thermocouple w i r e s  w e r e  individual ly   spot-welded  to   the  back  face 
of   0 .030- in . - th ick   s ta in less -s tee l   d i scs   0 .56   in .   in   d iameter   tha t  were bonded with 
s i l i cone   rubbe r  (RTV 560) t o  counterbored  holes   in   the  cove w a l l .  Thus ,   the   s i l i cone  
rubber   interrupted  the  heat   conduct ion  path between the  disc   and  cove w a l l .  I n  the 
rub  plate,   thermocouple w i r e s  were individual ly   spot-welded  to   the  back  face of 
0.030-in.-thick  sections a t  the   end   of   ho les  0.5 i n .   i n   d i a m e t e r   b o r e d  from the  back 
s u r f a c e   o f   t h e   r u b   p l a t e .  A t  the  bulkhead,  which  consisted of a 0.030-in.-thick 
s t a i n l e s s - s t e e l   s h e e t   f a s t e n e d   t o   t h e   e l e v o n   s t r u c t u r e   ( f i g .  5 (a) ) , thermocouple 
wires were individual ly   spot-welded t o  i t s  back  surface.  The w a l l  thermocouples  pro- 
vided  data  from  which  cold-wall  heating rates were evaluated.   Pressures  were 
obtained  f rom  the  output   of   s t ra in-gage  t ransducers  mounted i n s i d e   t h e   v a r i o u s  model 
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components  and  connected t o  0.060-in.-inside-diaeter s t a i n l e s s - s t e e l   o r i f i c e   t u b i n g  
less than 2 ft. i n   l e n g t h  for quick  response.  Table I lists sur face   d i s tances   f rom 
the   l ead ing   edge   of   the   wing   or   the  ramp t o   c e n t e r l i n e   s u r f a c e   i n s t r u m e n t a t i o n .  

F a c i l i t y  

The tests were conducted i n   t h e  Langley  8-Foot  High-Temperature  Tunnel.  This 
f a c i l i t y ,   s c h e m a t i c a l l y   i l l u s t r a t e d   i n   f i g u r e  8 ,  is a hypersonic blowdown wind tunne l  
t h a t   o p e r a t e s  a t  a nominal Mach number of 7,  a t  dynamic pressures  between 2 and 
10  psi, and a t  total   temperatures   between 2500°R and 3600°R fo r   f r ee - s t r eam  un i t  
Reynolds  numbers  between  0.3 X lo6 and 3 .O X lo6 p e r   f o o t .  The t e s t  medium i s  t h e  
combustion  products  of  methane  and a i r ,  which are produced i n  a high-pressure com- 
bus to r ,  expanded  through  an  axisymmetric  contoured  nozzle, 8 f t  i n  diameter a t  its 
e x i t ,  and  diffused  and pumped from  the t e s t  sec t ion   to   the   a tmosphere  by means of a 
s ingle-s tage   annular  a i r  e j e c t o r .   I n   t h e  test s e c t i o n ,   t h e  stream i s  a free j e t  
14 f t  long  with a uniform tes t  core approximately 4 f t   i n  diameter.  During  tunnel 
s t a r t u p ,  models are s t o r e d   i n   t h e  pod  below t h e  t e s t  stream u n t i l  the desired  hyper-  
s o n i c  f l o w  condi t ions are e s t ab l i shed ;   t he  model i s  t h e n   i n s e r t e d   r a p i d l y   i n t o   t h e  
s t ream by means of a hydrau l i ca l ly   ac tua t ed   e l eva to r   and  is  wi thd rawn   p r io r   t o  termi- 
na t ion   of   tunnel   f low.   In   the   p resent  tests, t h e  t e s t  bed  reached  the stream center-  
l i n e  1 sec a f te r  e n t e r i n g   t h e  stream. More d e t a i l e d   i n f o r m a t i o n   o n   t h i s   f a c i l i t y  is  
repor ted   in   re fe rence   5 .  

Tests 

Dur ing   the   p resent   inves t iga t ion ,   the   un t r ipped   b lunt   l ead ing   edge  w a s  used i n  
32 tests, and the  sharp  leading  edge  with a boundary-layer t r i p  w a s  used i n  1 tes t .  
The tests were conducted  according  to  the  schedule  and test cond i t ions  l i s t e d  i n  
table 11. A l l  tests were conducted  with  the wing su r face   p i t ched   t o   an   ang le   o f  
a t t ack   o f  5O (flow  compression)  and  with  the  model a t  ambient   t empera ture   p r ior   to  
i n s e r t i o n   i n t o   t h e  stream. A f t e r  i n s e r t i o n ,   t h e  model  remained  on t h e   t u n n e l  stream 
c e n t e r l i n e  less than 20 sec. Full-span  cove seal leaks   o f  0 ,  13,  50, and 100 pe rcen t  
of cove  entrance area (20.625 i n  ) were i n v e s t i g a t e d  a t  the   l eak   gap   he ights   ind i -  
c a t e d   i n   f i g u r e  6 f o r  ramp angles  6 of 25O, 30°, and 35O r e l a t i v e   t o   t h e  wing sur- 
face.   For   these tests,  the  e levon (see f i g .  4 f o r   d e f i n i t i o n  of ramp and  elevon) w a s  
d e f l e c t e d  loo; thus,   the  cove  channel  configuration  remained  constant as ramp angle 
va r i ed ,  and  sensors a t  s t a t i o n  20 a l igned   wi th   those  a t  s t a t i o n  26 (table I ) .  The 
13-percent  leak was a l s o   t e s t e d  a t  a ramp angle 6 of  15O, a t  which  the  elevon 
de f l ec t ion   ang le  w a s  zero.   Therefore ,   the   cove  channel   configurat ion a t  6 = 15 
d i f f e r e d  from t h a t  a t  t h e   o t h e r  ramp angles ,   and   sensors  a t  s t a t i o n   1 9   a l i g n e d   w i t h  
those a t  s t a t i o n  26 (table I ) .  The ramp a n g l e s   f o r   t h i s   i n v e s t i g a t i o n  w e r e  not  
i n t ended   t o   s imu la t e  a f l i gh t   cond i t ion   bu t   on ly  to ensure   tha t   the   boundary   l ayer  
would sepa ra t e .  These model conf igu ra t ions  were tested a t  average  f ree-s t ream  uni t  
Reynolds  numbers  of  0.35 X lo6 and  1.00 X l o6  p e r   f o o t .  The l as t  f i v e  tests using 
the   b lun t   l ead ing   edge   ( t ab le  11) w e r e  conducted  for   selected  leak  gaps  and ramp 
angles  a t  a free-stream u n i t  Reynolds number of  1.38 X lo6 p e r   f o o t .  Average  free- 
stream dynamic pressures   corresponding  to   the  three  Reynolds  numbers were 2.72,  6.21, 
and 8.88 p s i .  Average  free-stream Mach number from a l l  tests w a s  6.9. Based on 
f l a t - p l a t e   c a l i b r a t i o n   r e s u l t s   f o r  a b lun t   l ead ing   edge   i n   r e f e rence  4 ,  nominal l o c a l  
Mach number ju s t   ou t s ide   t he   boundary   l aye r  on the  wing a t  t h e  cove  entrance w a s  
2.85.  Average total   temperature   f rom a l l  tests w a s  3360OR. These  free-stream con- 
di t ions  s imulated  t rue  pressures   and  aerodynamic  heat ing a t  a l t i t u d e s  between  87 000 
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and  120 000 f ee t  a t  = 6.9. The t e s t  using  the  sharp  leading  edge ( t e s t  33, 
t a b l e  11) w a s  conducted  for  a sealed  cove  and ramp angle  of 6 = 35O a t  a free- 
stream u n i t  Reynolds number o f  1 .40  X l o 6 .  Local Mach number on  the wing a t  t h e  
cove  entrance w a s  6 . 1   f o r   t h a t  tes t .  

Data Reduction  and  Analysis 

Data reduction.-  Outputs  from  pressure  transducers  and  thermocouples  were 
recorded  on  magnetic  tape by means of   an  analog-to-digi ta l   data   recording  system a t  
a rate of 20 samples  per  second. A l l  d a t a  were  reduced t o   e n g i n e e r i n g   q u a n t i t i e s  a t  
the  Langley  Central   Digi ta l  Data Recording  Subsystem.  Free-stream  conditions i n   t h e  
tunnel  t e s t  s e c t i o n  were determined  from  reference  measurements i n   t h e  combustor 
( f i g .  8) by u s i n g   r e s u l t s  from  tunnel stream survey tests such as those   p re sen ted   i n  
r e fe rence  4. Computed q u a n t i t i e s   r e p o r t e d   h e r e i n  are based  on  the  thermal,   trans- 
port ,   and  f low  properties  of  the  combustion-products t es t  medium as r e p o r t e d   i n  ref- 
erence 6 f o r   a n   a v e r a g e   r a t i o   o f   s p e c i f i c   h e a t s   f o r  a l l  tests of 1.38. A l l  t abu la t ed  
and p lo t ted   p ressure   and   hea t ing- ra te   da ta   here in  are normalized  with  respect   to   wing 
sur face   re fe rence   condi t ions   for   l aminar   a t tached   f low  neares t   the   cove   en t rance  
( s t a t i o n  1 4 ,  table I ) .  For tests t h a t   r e s u l t e d   i n   s e p a r a t e d   f l o w ,   t h e   r e f e r e n c e  

p res su re  w a s  taken  from tests i n  which the  f low  remained  attached a t  near ly   the  same 
free-stream  unit   Reynolds number. The r e f e r e n c e   h e a t i n g   r a t e  w a s  c a l cu la t ed  from 
laminar  f low  theory  ( to  be  discussed) a t  s t a t i o n  1 4  and w a s  based  on  the  reference 
p res su re .   P re s su re   and .hea t ing - ra t e   d i s t r ibu t ions  on the  wing,  on  the  ramp,  and i n  
the  cove  were  interpreted by comparing  them  with  calculated  dis t r ibut ions  for  
a t tached  laminar   and  turbulent   f lows.  

Data presented  herein  from  the  beaded  thermocouples  in  the  cove are uncorrected 
f o r   e r r o r s  from effects   of   veloci ty ,   thermal   conduct ion,   and  thermal   radiat ion.  Such 
c o r r e c t i o n s  were not   appl ied   because   they   were   cons idered   insuf f ic ien t   to  merit 
application.  For  example,   measured  steady-state  temperature  of  the  thermocouple 
beads w a s  w i th in  2 percent   of   the   es t imated  adiabat ic-wal l   temperature   based  on a 
maximum cove stream Mach number of  0.88 as determined  from  the  ratio  of  measured  cove 
s t a t i c  to   total   pressure.   Correct ion  for   thermal   conduct ion  a long  the  thermocouple  
wires w a s  not  applied  because  the  exposed  wires  and  the  bead were both  heated by the  
cove  f low.  Therefore,   the  thermal  gradient  between  bead  and w i r e s  w a s  very small. 
Correct ions  for   effects   of   thermal   radiat ion  decreased  f rom  about   10  percent  a t  t he  
cove  entrance  to   about  3 pe rcen t   nea r   t he   s ea l .  When these   cor rec t ions   were   appl ied ,  
they  did  not   s ignif icant ly   inf luence  the  agreement   between  predicted  cove  heat ing 
rates   and  measured  values;   thus ,   they w e r e  d isregarded.  

Calculated . .  ~ wing  and ramp pressures . -  Wing and ramp p res su res  were ca l cu la t ed  
using  oblique-shock  relation-s  from  inviscid-flow  theory  for wedge f low  ( re f .  7)  with 
real-gas  effects  of  the  combustion-products t e s t  medium taken  into  account .  The cal- 
c u l a t i o n s  were made f o r  a f l a t   p l a t e  a t  an   angle   o f   a t tack   of  5O with a downstream 
compression ramp.  For calculat ions  of   wing  pressure,   the   condi t ions  used  upstream  of  
the  leading-edge  shock wave w e r e  the   f ree-s t ream  va lues   g iven   in  table 11. For cal- 
c u l a t i o n s   o f  ramp pressure,   the   condi t ions  used  upstream  of   the  shock a t  the   junc ture  
of the  wing and ramp were the   r e f e rence  Mach number (table 11) and  the  measured  pres- 
sure   on   the   wing   for   a t tached   f low a t  s t a t i o n  1 4  ( table  I ) .  The r e fe rence  Mach  num- 
ber cor responds   to   condi t ions   ou ts ide   the   en t ropy   layer   which   resu l t s   f rom  the  
normal-shock losses   assoc ia ted   wi th   the   b lunt   l ead ing   edge .  

Experimental  cold-wall  heating rates.- Cold-wall   heating rates were determined 
from  thermocoup1e"data. using  the  thin-wall   assumption.  This  assumption w a s  j u s t i f i e d  
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for t h e   n i c k e l  wing  and ramp pla tes   because   the   h igh   thermal   conduct iv i ty   o f   the  
material compensated f o r   t h e i r   r e l a t i v e l y   l a r g e   t h i c k n e s s   o f   0 . 2 5   i n . :   h T / k ,  << 0.01 
which is  c h a r a c t e r i s t i c   o f   t h e r m a l l y   t h i n  walls. Moreover, t rans ien t   hea t -conduct ion  
c a l c u l a t i o n s   i n d i c a t e d  an e r r o r  of only 1 percent   between  f ront   and  back  surfaces  
a f t e r  1 sec of  exposure to   l amina r   and   t u rbu len t   hea t ing .  The e s t ima ted   e r ro r   due   t o  
la teral  conduct ion  for  a local spanwise step i n c r e a s e   i n   h e a t i n g  ra te  of 20 pe rcen t  
w a s  2 . 5   p e r c e n t   a f t e r  1 sec of  exposure. The 20-percent   s tep  increase  corresponds 
rough ly   t o   t he  ra te  of increase   per   un i t   l ength   encountered   on   the  model  wing s u r f a c e  
du r ing   t r ans i t i on   t o   t u rbu len t   f l ow.   T rans i en t   hea t - conduc t ion   ca l cu la t ions   fo r   t he  
s t a i n l e s s - s t e e l   d i s c s   i n   t h e   t h i c k  aluminum  cove wal l  showed t h a t   t h e   h e a t  loss t o  
the  surroundings w a s  negl ig ib le   wi th in   the   f i r s t   second  of   aerodynamic   exposure .  
Consequent ly ,   hea t - t ransfer   da ta   p resented   here in  w e r e  evaluated when t h e  model  had 
been  on  the 
dimensional 

t unne l  stream c e n t e r l i n e   f o r  1 sec and were determined  from  the  one- 
heat-balance  equation, 

dTW = p c T -  
W P d t  

Calculated  cold--wall   heating rates . . . . for- . . t h e  . wing . . . . and  ramp.-  Cold-wall  heating-rate 
d i s t r ibu t ions   fo r   a t t ached   w ing   and  ramp flow were calculated  €or  both  laminar  and 
turbulen t   boundary   l ayers   f rom  the   re la t ion ,  

where f o r  a laminar  boundary  layer, 

* 
NSt,J? = 0*322(N;r,!?) (NRe,J?) 

-2/3 * - 1 / 2  

and f o r  a turbulent   boundary  layer ,  

* NSt,  R = 0.0296 ( NPr * , )-2/3( N R e ,  * J? y 5  

These re la t ions   a re   based   on   Ecker t ' s   re fe rence   t empera ture   ( re f .  8 ) ,  

and are desc r ibed   i n   r e f e rence   9 .   Fo r   t hese   ca l cu la t ions ,  wing p res su re  was assumed 
cons t an t  a t  the   re fe rence   p ressure ,  and the   loca l   t empera ture  w a s  based  on a l o c a l  
Mach number d e t e r m i n e d   f r o m   f l a t - p l a t e   c a l i b r a t i o n   r e s u l t s   r e p o r t e d   i n   r e f e r e n c e  4 
f o r  a blunt   leading  edge.  Laminar  and turbulen t   co ld-wal l   hea t ing  rates on  the ramp 
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were ca l cu la t ed  by us ing   t he   ca l cu la t ed  ramp pressure   descr ibed   ear l ie r .   Exper iment  
ag reed   be t t e r   w i th   ca l cu la t ed  ramp v a l u e s   t h a t  were  based  on a v i r t u a l   o r i g i n   a t   t h e  
leading  edge of the  wing r a the r   t han  a t  the  leading  edge  of  the ramp. 

Calculated  cold-wal l  . ~~~ ~ hea t ing  rates i n   t h e  cove.-   Calculated  cold-wall   heating 
r a t e s  were  determined  for  the  unsealed  cove by applying  the  one-dimensional mathe- 
mat ica l  model p r e s e n t e d   i n   r e f e r e n c e  3. The model i s  based  on  the  assumption  that  
the  f low  ingested by the  cove is  laminar  developing  channel  flow. The computational 
procedure  requires  cove  mass-flow rate and  gas  temperature a t  t h e  cove  entrance as 
inpu t .   Fo r   t he   p re sen t   ca l cu la t ions ,  mass-flow rates through  the  cove  were  deter- 
mined by using  measured  cove  pressures  and  the  cove  gas  temperature a t   t h e  beaded 
thermocouple   just   upstream  of   the  leak  ( locat ion f i n   f i g .  7 )  i n   t h e   o r i f i c e - f l o w  
r e l a t i o n s ,  

m = 0.578pcAZ R T ~  ('g Y 2  
( fo r   son ic   cond i t ions  a t  the   l eak )  

and 

( for   subsonic   condi t ions  a t  the   l eak )  

where the   cons t an t ,  0.6, is t h e   c o e f f i c i e n t  of d i scha rge   fo r  a r e c t a n g u l a r   o r i f i c e  
( see  Marks' Handbook f o r  Mechanical  Engineers). Cove mass-flow r a t e s  so  obtained 
were a p p l i e d   i t e r a t i v e l y   t o   o b t a i n   t h e   g a s   t e m p e r a t u r e  a t  the  cove  entrance.  Cove 
Reynolds  numbers  were then   ca l cu la t ed  from t h e   r e l a t i o n ,  

where Ac = A,, s ince  the  cove  width is  constant.   Equation ( 7 )  w a s  s u b s t i t u t e d   i n t o  
the   fo l lowing   equat ion ,  from re fe rence   3 ,   t o   eva lua te  cove  Nusselt numbers as 

A s  r e p o r t e d   i n   r e f e r e n c e  3 ,  the   parameter  NNu,m i s  the   Nusse l t  number f o r   f u l l y  
developed  f low  between  uniformly  heated  parallel  w a l l s  and,  from  reference 9 ,  has  a 
constant  value  of  8.23. The cove  Nusselt numbers  were then  used  to   calculate   cold-  
w a l l  hea t ing   r a t e s   i n   t he   cove  from t h e   r e l a t i o n ,  
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where 

Resul t s   f rom  th i s   p rocedure   and   the i r   cor re la t ion   wi th   exper iment  are d i s c u s s e d   i n  
subsequent   sect ions.  

Oil-flow ~~ pa t t e rns . -  _" Oil - f low  pa t te rns  were used as a n   a i d   f o r   i n t e r p r e t i n g   p r e s -  
s u r e  and h e a t i n g - r a t e   d i s t r i b u t i o n s   o n   t h e  wing  and ramp to  determine  occurrence  of  
f low  separa t ion .   Pr ior   to   each  tes t ,  a pa t t e rn   o f   do t s  w a s  d i s t r ibu ted   ove r   t he  
wing, ramp, and  inboard  surface  of  each  fence  using a mixture   of   oi l   and  lampblack.  
A f t e r  each tes t ,  t h e   r e s u l t i n g   o i l - f l o w   p a t t e r n s  were photographed.  Typical  examples 
of   a t tached  and  separated  f lows  indicated by th i s   t echn ique  are shown i n   f i g u r e   9 ,  
and   typ ica l   spanwise   d i s t r ibu t ions   o f   p ressures   and   co ld-wal l   hea t ing  rates on  the 
wing  and ramp are p r e s e n t e d   i n   f i g u r e  10. 

The photographs i n   f i g u r e s   9 ( a )  and 9 ( b )  show at tached-f low  pat terns   taken  f rom 
t e s t  24 ( table 11) f o r  6 = 25O and AZ/Ae = 0.50. I n   t h e s e   p h o t o g r a p h s ,   t h e   o i l  
s t r e a k s  trace p a r a l l e l   s u r f a c e   s t r e a m l i n e s   o v e r   t h e   e n t i r e  wing surface  and  a long  the 
fence up t o  an   ob l ique   o i l   a ccumula t ion   l i ne   ( f ig .   9 (b ) )   a s soc ia t ed   w i th   t he   de f l ec t ed  
ramp.  These p a t t e r n s  and the   r e l a t ive ly   un i fo rm  spanwise   d i s t r ibu t ions  of attached- 
f low  data   of   f igure lO(a) i n d i c a t e   t h a t   t h e   s u r f a c e   f l o w  w a s  two-dimensional. The 
p r e s e n c e   o f   o i l  on t h e   s u r f a c e   d i d   n o t   a f f e c t   t h e   d a t a .  Downstream o f   t h e   o i l  accumu- 
l a t i o n   l i n e  on   the   fence   ( f ig .   9 (b) ) ,   the   f low  d i rec t ion   appears  more p a r a l l e l  to  
t h a t   l i n e   t h a n   t o   t h e  ramp. The f l o w   p a t t e r n   i n   t h a t   r e g i o n  i s  i d e n t i c a l   t o   t h o s e  
shown i n   r e f e r e n c e s  10 and 11 f o r  a swept  wing  and d e f l e c t e d  ramp between  adjacent 
sur faces .   Accord ing   to   those   re fe rences ,   p ressure   and   thermal   loads   increase   behind  
the   o i l   a ccumula t ion   l i ne ,   and   t he  area o f   d i s t u r b e d   f l o w   i n   t h a t   r e g i o n  i s  l a r g e r  
t han   an t i c ipa t ed  from  inviscid-flow  analyses.  

The photographs i n   f i g u r e s   9 ( c )  and 9 ( d )  show separated-f low  pat terns   taken  f rom 
t e s t  15   ( t ab le  11) f o r  6 = 35O and A l / A e  = 0.13 .   In   f igure  9 ( c )  , p a r a l l e l   s u r f a c e  

s t r eaml ines   i n   t he   f l ow  d i r ec t ion   i nd ica t e   t ha t   f l ow w a s  a t tached  over   approximately 
one - th i rd   o f   t he   d i s t ance   t o   t he   cove   en t r ance .  Over the  remainder of  the wing 
p l a t e ,   t h e   p a t t e r n   d e s c r i b e s  a large  reverse-f low  region ( t a i l s  pointing  upstream) 
wi th in  which t h e   s u r f a c e   f l o w   c i r c u l a t e s   i n   c o u n t e r r o t a t i n g   d i r e c t i o n s   o f f   t h e   l o n g i -  
t u d i n a l   c e n t e r l i n e ;   i n   t h a t   r e g i o n ,   t h e   b o u n d a r y   l a y e r   h a s   s e p a r a t e d ,  and  flow  within 
the  separated-flow  region is  three-dimensional.   This  type  of  oil-flow  pattern was 
observed in   approximate ly  50 percent   o f   the  tests i n  which  separated  flow w a s  
encountered  and is a f f e c t e d  by the  distance  between  aerodynamic  fences  (see  refs.  1 2  
and 13 ) .   Fo r   t he   p re sen t   i nves t iga t ion ,  it w a s  no t   poss ib l e   t o   va ry   t he   spac ing   o f  
the  fences  t o  ensure  two-dimensional  separated  flow. However, i n   p r a c t i c a l   s i t u a -  
t i o n s ,  as i n   t h e  case of a deflected  elevon  between a fuselage and t i p   f i n   r e p o r t e d  
i n   r e f e r e n c e s  10  and 11, three-dimensional   f low  separat ion is  a real-world phenomenon 
that  can  be  expected  even  for small e l evon   de f l ec t ions .   In   f i gu re   9 (d ) ,   t he   o i l - f low 
pa t t e rn   on   t he   f ence   c l ea r ly   dep ic t s   t he   r ec i r cu la t ing   f l ow  unde r   t he   s epa ra t ed  
boundary   l ayer   across   the   cove   en t rance .   For   th i s   s i tua t ion ,   the   spanwise   d i s t r ibu-  
t i ons   o f   p re s su res  and h e a t i n g  rates over  the  wing  remained  relatively  uniform 
( f i g .   1 0 ( b ) ) ,   b u t  on t h e  ramp, o f f - cen te r l ine   da t a  were h ighe r   t han   cen te r l ine   va lues  
wi th   increas ing   d i spar i ty   toward   the   t ra i l ing   edge .  The c e n t e r l i n e   d a t a  are con- 
s i d e r e d  free of   ex t raneous   e f fec ts .  Many o i l - f low  pa t te rns   c lear ly   def ined   the   loca-  
t ion  of  f low  separation  from  the  wing as i n   f i g u r e   9 ( c ) ,  however,  the  spacing  and 
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flow  of o i l   d o t s   r e s u l t e d   i n  a bandwidth  of   uncertainty  in  i t s  loca t ion   of  as much as 
4 i n .  (s/r = k0.3).  On t h e  ramp, the  determinat ion  of   f low  reat tachment  w a s  l a r g e l y  
specu la t ive .  Ramp o i l - f l o w   p a t t e r n s  were generally  two-dimensional as i n   f i g u r e   9 ( c ) ,  
and i n d i c a t i o n s  of reverse   f low w e r e  d i f f i cu l t   t o   de t ec t .   Usua l ly ,   r ea t t achmen t  w a s  
taken a t  the  upstream  end  of  long  streaks on t h e  ramp.  However, inasmuch as t h e  
t r a i l i n g  edge  of  the ramp w a s  f i r s t   t o   e n t e r   t h e  stream during model i n s e r t i o n ,   t h e  
o i l   d o t s   o n   t h e  ramp w e r e  d i s t u r b e d   b e f o r e   t h e   f l o w   f i e l d   o v e r   t h e   e n t i r e  t es t  sur- 
f a c e  had   comple t e ly   e s t ab l i shed   i t s e l f .  

RESULTS AND DISCUSSION 

Typical   External  Flow C h a r a c t e r i s t i c s  

Classif icat ion.-   Pressures ,   temperatures ,   and  cold-wal l   heat ing rates i n   t h e  
cove are inf luenced by f low  cond i t ions   j u s t   ou t s ide   t he  cove  entrance.  These  external 
c o n d i t i o n s ,   i n   t u r n ,  are in t e r r e l a t ed   w i th   cove   l eak   a r ea ,  ramp angle,  and  free-stream 
u n i t  Reynolds  number. Therefore ,   before   d i scuss ing   resu l t s   per ta in ing   to   condi t ions  
in   t he   cove ,   cha rac t e r i s t i c s   o f   t he   ex t e rna l   f l ow  cond i t ions   t o  which the  cove w a s  
exposed  are  described. A s  i l l u s t r a t e d   i n   f i g u r e  11, a separated  boundary  layer   turns  
i n   t h e  compression  direction.  Consequently,   downstream  of  separation,  the  f low 
d e c e l e r a t e s ,   p r e s s u r e   i n c r e a s e s ,  and a l l  t h e   f l u i d  mass between  the  separat ing 
s t reaml ine   and   the   d iv id ing   s t reaml ine   en ters   the   cove .   For   a t tached   f low,   p ressure  
a t  the  cove  entrance i s  Jess  than  for  separated  f low,  and  only a small por t ion   o f   the  
boundary   l ayer   ad jacent   to   the   sur face  i s  ingested.   For   the  range  of  ramp angle ,  
cove sea l   l eak   gap ,   and   f ree-s t ream  condi t ions   o f   the   p resent   inves t iga t ion ,   four  
b a s i c  classes of  flow were encountered  on  the  wing, as determined  from  pressure  and 
h e a t i n g - r a t e   d i s t r i b u t i o n s :  

1. Laminar  and t r ans i t i ona l   a t t ached   f l ow 

2.  Quasi-laminar  separated  flow 

3. T rans i t i ona l   s epa ra t ed   f l ow (s tar t  o f   t r a n s i t i o n  downstream  of  separation) 

4. Turbulent  separated  f low (start of   t rans i t ion   ups t ream  of   separa t ion)  

The three   c lasses   o f   separa ted   f low are based  on  convent ions  that  were def ined 
by Chapman e t  a l .  ( r e f .  1 4 )  from p r e s s u r e   d i s t r i b u t i o n s  and schlieren  photographs  and 
t h a t   a r e  w e l l  documented ( r e f s .  15  through 2 1 ) .  However, the  designation  "quasi-  
laminar  separated  f low"  denotes a departure  from  the Chapman c l a s s i f i c a t i o n   o f   " p u r e l y  
laminar  separated  flow." It i s  co ined   here   to   d i s t inguish   the   shapes   o f  i ts  p res su re  
and h e a t i n g - r a t e   d i s t r i b u t i o n s   f r o m   t h e   o t h e r  two classes of  separated  f low. The 
r a t i o n a l e   f o r   t h a t   d e s i g n a t i o n  is explained  subsequently.  The fou r   bas i c   t ypes   o f  
f l ow  a re   desc r ibed   i n   f i gu re  1 2  by typ ica l   cen te r l ine   p re s su re   and   hea t ing - ra t e   d i s -  
t r ibut ions  obtained  a long  the  wing  and ramp from tests l i s t e d   i n   t a b l e  11. Approxi- 
m a t e  l oca t ions   o f  separation from  the  wing,  reattachment  to  the ramp,  and  boundary- 
l a y e r   t r a n s i t i o n  are indica ted   on   each   p lo t .   These   loca t ions  were determined  e i ther  
f rom  o i l -€ low  pa t te rns   o r   f rom  d is t inguish ing   fea tures   o f   the   da ta   d i s t r ibu t ions .  
The test  d a t a  are accompanied  by  curves  calculated  from  laminar-  and  turbulent-flow 
theor ies   €or   a t tached   f low.  

Laminar  and t r a n s i t i o n a l   a t t a c h e d  €low.- The external   condi t ions  given by t h e  
attached  laminar  boundary  layer are the   base l ine   w i th  which a l l  separated-€low  condi- 
t i o n s   h e r e i n  are compared. A t y p i c a l  example  of  pressure  and  cold-wall   heating-rate 
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d i s t r ibu t ions   fo r   l amina r   a t t ached   f l ow  ob ta ined  a t  NReIco = 0.35 X lo6  p e r   f o o t  is 
shown i n   f i g u r e  1 2 ( a ) .  Wing p res su res  are e s sen t i a l ly   un i fo rm up t o   t h e  cove  entrance, 
and  wing hea t ing  rates fol low  the  calculated  curve  for   laminar   f low.  Ramp p res su res  
rise s t e e p l y  to  the  inviscid-flow  value,   and ramp h e a t i n g  rates r i se  toward  the leve l  
given by t u r b u l e n t   t h e o r y   i n  a manner c h a r a c t e r i s t i c  of boundary-layer   t ransi t ion.  
A t  h igher   uni t   Reynolds  numbers, the  flow  over  the  wing  encountered  boundary-layer 
t r a n s i t i o n .   I n   t h o s e   i n s t a n c e s ,   t h e  pressure d i s t r ibu t ions   r e sembled   t ha t   o f   f i g -  
ure  1 2 ( a ) ,  b u t   t h e   h e a t i n g  rates on  the  wing  increased  above  the  laminar  level down- 
stream o f   t r a n s i t i o n .  

Quasi-laminar  separated  flow.- When a laminar  boundary  layer  separates  ahead  of 
a d e f l e c t e d  surface, wing p res su res  r ise  and h e a t i n g  rates f a l l  from equ iva len t  
attached-flow  values as i n   f i g u r e  1 2 ( b ) .  The loca t ion   o f   t he   dev ia t ion   o f   w ing   p re s -  
su re  and hea t ing  r a t e  from  at tached-f low  values   ident i f ies   the  beginning  of   the 
shock-wave-boundary-layer in te rac t ion   induced  by t h e  ramp (see f i g .  11). Under t h e  
separated  laminar   boundary  layer ,   pressures  rise toward a c o n s t a n t   p l a t e a u   l e v e l   t h a t  
extends  across  the  cove  entrance  and up t h e  ramp f o r  a s h o r t   d i s t a n c e   ( t o   t h e   f i r s t  
o r i f i c e   i n   t h i s   e x a m p l e ) .   F o r   t h i s  t e s t ,  the  separated-f low wing p res su re  a t  t h e  
cove  entrance  exceeds  the  a t tached-f low  reference  pressure by nea r ly  20 pe rcen t .  
Inasmuch as t h e r e  were no o i l - f l o w   d a t a   f o r   t h i s  t es t ,  the  locat ion  of   f low  separa-  
t i o n ,   l a b e l e d  " S f  w a s  determined  from  the  convention  (refs.  1 7  and 22)  t h a t  assumes 
f low  separa t ion   to   occur  where t h e   l o c a l   p r e s s u r e   i n c r e a s e s  by one-half  of  the  pres- 
s u r e   r i s e   t o   t h e   p l a t e a u   p r e s s u r e .  On the  ramp, p re s su res  rise sha rp ly  where t h e  
flow  reattachment  compression  fan  begins  interacting  with  the  separated  boundary 
l a y e r   ( s e e   f i g .  11). The beg inn ing   o f   t h i s   i n t e rac t ion  is  a l s o   i n d i c a t e d  by a v e r t i -  
ca l  l i n e   l a b e l e d  " R t . "  Correspondingly,  separated-flow  wing  heating rates contin- 
u a l l y   f a l l  below  attached-flow  values  and  then r ise  sharply  on  the ramp toward a 
c o n s t a n t   v a l u e   n e a r   t h e   t u r b u l e n t   l e v e l   i n  a manner charac te r i s t ic   o f   boundary- layer  

~- 

' r t  t r a n s i t i o n .  

I n   t h i s  example,   the  plateau  pressure  near  the  cove  entrance  extends  across  the 
cove  entrance  to   the ramp,  and s o  the   shape   o f   t he   p re s su re   d i s t r ibu t ion   confo rms   t o  
the  Chapman convent ion  for   "pure  laminar"   separat ion ( re f .  14). However, t h e  corre- 
spond ing   hea t ing - ra t e   d i s t r ibu t ion  shows a minimum value  on  the  wing  just   upstream  of 
the  cove  entrance  and,   hence,   suggests   the  presence  of   t ransi t ion  in   the  separated 
boundary  layer .   Obviously,   th is   resul t   v iolates   that   convent ion.   Consequent ly ,   the  
type  of  f low  characterized by t h e   d i s t r i b u t i o n s   i n   f i g u r e   1 2 ( b )  i s  designated  "quasi-  
laminar   separated  f low"  for   the  purpose  of   this   report .  

Transi t ional   separated  f low.-  I f  t h e  ramp ang le  is  increased for t h e  same cove 
seal l eak  area and  free-stream  unit   Reynolds number, t he   ex ten t   o f   f l ow  sepa ra t ion  
can  increase  suff ic ient ly   to   a l low  the  sepaxated  laminar   boundary  layer  t o  undergo 
t r ans i t i on   t o   t u rbu len t   f l ow  ahead   o f   t he   cove   en t r ance  as i n   f i g u r e  1 2 ( c ) .  I n   r e f -  
erence 14, t he   des igna t ion   " t r ans i t i ona l "  is g i v e n   t o   s e p a r a t e d   f l o w   t h a t  is laminar 
a t  separation  and  undergoes  transit ion  before  reattachment.   In  this  example,   the 
ramp angle w a s  increased  f rom  15  to  30°, and  the  deviat ion  of  wing pressures   and 
hea t ing  rates from  attached-flow  values  occurred  close  to  the  upstream  end  of  the 
n i c k e l  wing p l a t e .  The r e s u l t i n g   p r e s s u r e   a n d   h e a t i n g - r a t e   d i s t r i b u t i o n s  are charac- 
ter is t ic  o f   t h e   s i t u a t i o n  where t r a n s i t i o n   o c c u r s  downstream  of s e p a r a t i o n  and  ends 
upstream  of  reattachment  (refs.  1 4  and 18) .  Hence, i n   f i g u r e  1 2 ( c ) ,  wing p res su res  
rise toward a p l a t eau   t yp ica l   o f   l amina r   s epa ra t ion  (see arrow)  followed by another  
rise extending  to   the  cove  entrance.   According  to   references 1 3  and 1 4 ,  t he   p re s su re  
rise above  the  plateau is assoc ia ted   wi th   boundary- layer   t rans i t ion .  The p l a t e a u  t o  
which the   p ressure   appears   to   be   reaching  i s  h i g h e r   t h a n   t h a t   i n   t h e  example of 
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f igure   12(b)   and  is c o n s i s t e n t   w i t h  a documented e f f e c t   o f   i n c r e a s i n g  ramp angle 
( r e f .  2 1 ) .  For t h i s  class of   separated  f low,   the wing p res su re  a t  the  cove  entrance 
is  near ly  3 t imes   the   a t tached-f low  re ference   va lue ,   and   th i s   l eve l   ex tends  up the  
ramp approximately  one-fourth  of its length  ( t o  the  second ramp o r i f i c e )   b e f o r e  
r i s i n g   s h a r p l y .  

Correspondingly,   the  wing  heating  rates  fall   below  laminar  at tached-flow  values,  
t hen   r i s e   du r ing   boundary - l aye r   t r ans i t i on ,   a t t a in   t u rbu len t   va lues  where the   p res -  
s u r e   r i s e  toward  the  plateau is i n t e r r u p t e d ,  and rise again  near  the  cove  entrance.  
The a p p a r e n t   c o r r e l a t i o n   o f   p r e s s u r e   r i s e  above the   p l a t eau   p re s su re   w i th   t he  end  of 
t r a n s i t i o n ,  as de termined   f rom  the   hea t ing- ra te   d i s t r ibu t ion ,  w a s  observed many times, 
b u t  i s  a t  va r i ance   w i th   obse rva t ions   r epor t ed   i n   r e f e rence  14 .  I n   t h a t   r e f e r e n c e ,  
Chapman e t  a l .  obse rved   t ha t   t he   p re s su re   r i s e   co r re l a t ed   w i th   t he   l oca t ion  of t r a n s i -  
t i o n  as determined  from  shadowgraphs.   Nevertheless,   the  pressure  r ise above the  
p l a t e a u  and the  extended  influence  of  separated-boundary-layer  pressure up the  ramp 
r e l a t i v e  to  f i g u r e   1 2 ( b )  are responses   to   changes   in   the   inv isc id   f low  f ie ld   assoc i -  
a ted   wi th  a th ickening   t rans i t iona l   separa ted   boundary   l ayer .  The t r end   o f   r i s ing  
hea t ing  rates observed  near  the  cove  entrance may indica te   rea t tachment   o f   the  
sepa ra t ing   s t r eaml ine   ( s ee   f i g .  11). On the  ramp, t h e   h e a t i n g   r a t e s   i n c r e a s e   l i n -  
ear ly   (on a s e m i l o g a r i t h m i c   s c a l e ) ,   u n l i k e   t h e   r o u n d e d   d i s t r i b u t i o n   i n   f i g u r e   1 2 ( b ) ,  
and rise sharply  above  the  turbulent-flow  value a t  the   t r a i l i ng   edge .   Th i s   r e su l t  
may indica te   rea t tachment   o f   the   d iv id ing   s t reaml ine   ( see   f ig .  11). 

Turbulent  separated  f low.- When the  free-stream  unit   Reynolds number was 

increased   to   1 .00  X 1 0   p e r   f o o t   f o r  a ramp angle  of 25 , t h e   d i s t r i b u t i o n s   p r e s e n t e d  
i n   f i g u r e   1 2 ( d )  w e r e  ob ta ined .   In   t h i s   i n s t ance ,   t he   l oca t ion   o f   boundary - l aye r  
t r ans i t i on ,   a s   de t e rmined  from t h e   h e a t i n g - r a t e   d i s t r i b u t i o n ,  i s  upstream  of  separa- 
t i o n ,  as determined  from  oil-flow  patterns.  Consequently,  from  reference 1 4  the  
des igna t ion   " tu rbu len t "   app l i e s .   Fo r   t h i s   c l a s s   o f   s epa ra t ed   f l ow,  wing pressures  
r i s e  above  a t tached-f low  values   without   f i rs t   showing  an  ini t ia l   r ise   toward a p la -  
teau  as i n   t h e  examples   of   f igures   12(b)   and  12(c) .  L i k e w i s e ,  wing h e a t i n g   r a t e s  
r i s e   t o   t u r b u l e n t   v a l u e s   w i t h o u t  f i rs t  f a l l i n g  below the  laminar  at tached-flow 
values  and,  hence,  look somewhat l i k e   t h e   d i s t r i b u t i o n   g i v e n  by an  attached  laminar 
boundary  layer   that   undergoes  t ransi t ion.  On t h e  ramp,   the  data   a lso  appear   t ransi-  
t i o n a l   i n   n a t u r e .  The f r ee - s t r eam  un i t  Reynolds number a t  which this   type  of   f low 
separa t ion   occur red  is cons is ten t   wi th   re fe rence   19 .  

. . .  ~~ 

6 0 

Summary of . .  separated-flow . ~ events . -   During  the  present   invest igat ion,   f low  sepa-  
r a t i o n  w a s -  encountered -in a l l   b u t   s e v e n  of t h e   t e s t s .  The f low-separat ion  events ,  
compiled  from pressure  and  heat ing-rate   data   and  c lass i f ied  according  to   the  types 
shown i n   f i g u r e  1 2 ,  are summarized i n   t a b l e  111. A t  the   lowes t   f ree-s t ream  uni t  
Reynolds  number,  flow s e p a r a t i o n  w a s  e i t he r   quas i - l amina r   o r   t r ans i t i ona l .  A t  t h e  
higher  free-stream  unit   Reynolds  numbers,   f low  separation w a s  t u rbu len t .  The d a t a  
also show tha t   f low  separa t ion   can  be delayed by decreas ing  ramp angle ,  by increas ing  
f r ee - s t r eam  un i t  Reynolds number (which i m p l i e s   r e d u c i n g   a l t i t u d e ) ,  and by inc reas ing  
cove s e a l   l e a k   a r e a .  These e f f e c t s   a r e   d i s c u s s e d   i n   d e t a i l   i n   s u b s e q u e n t   s e c t i o n s .  

Pressure  and  Heating-Rate  Distributions 

In   the   fo l lowing   presenta t ion   of   resu l t s ,   l aminar   a t tached-f low  condi t ions  a t  
the   cove   en t rance   p rovide   the   base l ine   for   ensu ing   d i scuss ions   o f   fac tors   tha t  
a f f e c t e d   t h e  cove  environment.   Thus,   centerline  pressures  and  heating rates from 
a l l  tests  with  the  blunt  leading  edge  have  been  normalized by t h e i r   r e s p e c t i v e  
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reference  laminar   a t tached-f low  values   near   the  cove  entrance.   These  normalized 
values  are d i s p l a y e d   i n  tables I V  and V and in   f i gu res   13 ,   14 ,   and  15. The f i g u r e s  
are sequenced  according t o   i n c r e a s i n g  free-stream u n i t  Reynolds  number,  and t h e   p l o t s  
for   each  leak  gap are grouped  by  decreasing  order  of ramp angle.  Each p l o t  i s  
labeled  according  to   one  of   the  four  classes of  wing  f low  discussed  previously.  Data 
f r o m  t h e  wing  and i t s  concave  cove w a l l  and  from the  curved  e levon  surface  and  the 
ramp are p resen ted   s epa ra t e ly  as cont inuous   sur faces   for   convenience   in   observ ing   the  
re la t ionship   be tween  ex terna l   (open   symbols )   and   in te rna l   ( f i l l ed   symbols )   f low con- 
d i t i o n s .  A l s o  given are the   condi t ions   sensed  at d i s c r e t e   l o c a t i o n s   s u c h  as i n   t h e  
c a v i t y   j u s t   b e h i n d   t h e  seal ,  a t  the  bulkhead,  and a t  t h e  base of   the ramp and  of   the 
elevon.   (Refer   to  table I and   f ig .  7 fo r   l oca t ions   o f   i n s t rumen ta t ion . )  The d a t a   i n  
t h e s e   f i g u r e s  are accompanied  by ca l cu la t ed   cond i t ions   on   t he  wing  and ramp and i n  
the  cove. 

On t h e  wing, excel lent   agreement  w a s  obtained  between  experiment  and  calculated 
p res su res  and  laminar  cold-wall  heating ra tes  where  flow w a s  a t tached   ( for   example ,  
f i g s .   1 3 ( c )  and 1 4 ( c )  a t  Az/Ae 2 0 .50) .  F o r   t r a n s i t i o n a l  and t u r b u l e n t   s e p a r a t e d  
f lows,   the   agreement   with  calculated  turbulent   cold-wal l   heat ing rates w a s  u sua l ly  
wi th in  30 pe rcen t  as i n   f i g u r e s   1 3  ( a ) ,  13 (b) , 1 4  (a) , and 1 4  (b) . Consequently, 
p re s su res  on t h e  ramp always  increased  with  distance,   never  peaked,  and  never  reached 
the  calculated  inviscid-f low  pressure;   the   heat ing rates always  lay  between  the cal- 
culated  curves   for   laminar   and  turbulent   f lows.   Thus,   the  ramp boundary  layer  always 
appea red   t o   be   i n   t r ans i t i on .  These r e s u l t s  are a t t r i b u t e d   t o   t h e   r e l a t i v e l y   s h o r t  
l eng th   o f   t he  ramp,  which precluded  development  of  fully  attached  flow  downstream  of 
the  reattachment  shock-wave-boundary-layer  interaction  (fig.  11). 

In   t he   cove ,   p re s su re   and   hea t ing - ra t e   d i s t r ibu t ions   ( f ig s .   13 ,  1 4 ,  and 15)  are 
similar t o   t h o s e   r e p o r t e d   i n   r e f e r e n c e  2. Cove p res su res  are e s sen t i a l ly   equa l   on  
opposi te  w a l l s ,  are relatively  uniform  between  the  cove  entrance  and  the seal ,  and 
are l inked   d i rec t ly   to   the   p ressure   jus t   ou ts ide   the   cove   en t rance .   Thus ,   for  
a t tached-f low  condi t ions  on  the  wing,   cove  pressures  are less than  the  attached-flow 
wing p res su re  as a resul t   of   f low  expansion  around  the  cove  l ip   (see  ref .  2 and 
f i g s .   1 3  (c)  and  14 ( c )   f o r  Az/Ae 2 0.50) . However , for   separated-f low  condi t ions on 

the  wing,  cove pressures  always  exceed  the  attached-flow  wing  pressure  ( inviscid-flow 
value)  and  match  the  separated-flow  wing  pressure a t  the cove  entrance  for  
AZ/Ae 5 0.50. A t  t h e  same t i m e ,  hea t ing  rates i n   t h e  cove  decrease  with  dis tance 

from the  cove  entrance  and  increase  with  increasing  leak area. I n  most i n s t a n c e s ,  
cove  heating rates decline  from  the  value  on  the  wing a t  the  cove  entrance.  More- 
o v e r ,   t h e   p l o t s   i n   f i g u r e s   1 3 ,  1 4 ,  and  15 show tha t   t he   h ighes t   cove   hea t ing  rates 
are generated when cove  pressures  are high,  as i n   t r a n s i t i o n a l  and  turbulent   separa-  
t i o n .  Thus,  cove hea t ing  i s  dr iven by the   p re s su re  and  boundary-layer s ta te  a t  t h e  
cove  entrance.  Although  cove  heating rates t e n d   t o  sca t te r  more wi th   d i s t ance  from 
the   cove   en t r ance ,   t he   da t a   fo r   l a rge   l eak  areas c o n s i s t e n t l y  show a n   i n c r e a s e   i n  
hea t ing  ra te  a t  t h e   s h a r p   t u r n   i n   t h e   c o v e  (s/r = 9.8, s t a t i o n  2 1  i n  table I ) .  This 
l o c a l   i n c r e a s e   i n   h e a t i n g   a p p a r e n t l y   r e s u l t s  from  flow  turning. 

Cold-wall   heat ing  ra tes   for   the  leaking  cove  calculated  f rom  the method o f   r e f -  
erence 3 p r e d i c t   t h e   t r e n d s  of the  cove  data   very w e l l .  I n   g e n e r a l ,   t h e  root-mean- 
square  difference  between  experimental   and  calculated  dis t r ibut ions  var ied  between 
11 and 36 p e r c e n t   f o r  paral le l  cove walls as i n d i c a t e d   i n  table V I .  However, l a r g e r  
differences  between  data   and  predict ion w e r e  obtained a t  AZ/Ae = 0.13   for  

2 1.00 x l o 6  p e r   f o o t .  The l a r g e r   d i f f e r e n c e  shown a t  6 = 15 may have NRe, 
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r e s u l t e d  from  using  very low  measured hea t ing  rates and  gas  temperatures  of  ques- 
t ionable   accuracy.   Moreover ,   d i f ferent ia l   pressure  across   the  leak may have  been 
a r t i f i c i a l l y   r e d u c e d  by r e s t r i c t e d   v e n t i n g   o f   i n t e r n a l   f l o w  a t  zero  elevon  deflec- 
t i o n   r e q u i r e d   f o r  6 = 15O.  The l a r g e r   d i f f e r e n c e  shown a t  6 = 25O  may have 
occurred  because  the  f low w a s  u n s t a b l e ,   b u t  no plausible   reason  could  be  found  for  
t h e   l a r g e r   d i f f e r e n c e s  shown a t  6 = 30°. 

The p l o t s   o f   f i g u r e   1 3 ( b )  a t  Az/Ae = 1.00   and   f igure   14(c)  a t  A ~ / A ~  = 0.13 

show two t y p e s   o f   e x t e r n a l   f l o w   i n s t a b i l i t y   t h a t  were encoun te red   i n   t he   p re sen t  t e s t  
series. For   the tes t  shown i n   f i g u r e   1 3 ( b )  ( tes t  7 i n  table 11), the  laminar  bound- 
a ry   l aye r  w a s  a t t a c h e d   i n i t i a l l y  and then  separated.  The t e s t  w a s  repeated ( t e s t  8 
i n  table 11), and  the phenomenon occurred  again.   In   those tests, f low  separat ion w a s  
t r a n s i t i o n a l .   T h i s   t y p e   o f   i n s t a b i l i t y  w a s  observed by the  author   during  the  inves-  
t i g a t i o n   r e p o r t e d  i n  r e fe rence  23  and  probably  results  from  an  effect   of w a l l  tempera- 
tu re .   That  is ,  as w a l l  t empera ture   increases ,   the   boundary   l ayer   th ickens ,   and ,  
acco rd ing   t o   r e f e rence  24, the  upstream  and  downstream  influence  of  the ramp then 
inc reases  t o  allow a s i g n i f i c a n t   i n c r e a s e   i n   e x t e n t   o f   f l o w   s e p a r a t i o n .   F o r   t h e  t e s t  
shown i n   f i g u r e   1 4 ( c )  ( tes t  23 i n  table 11) , t h e   f l o w   s e p a r a t i o n   l i n e   o s c i l l a t e d  
between t r ans i t i ona l   s epa ra t ion   and   quas i - l amina r   s epa ra t ion   w i th   t he   r e su l t   t ha t  
conditions  on  the  wing  and ramp and i n  the  cove  pulsated  between  the extremes shown. 
According t o   r e f e r e n c e  18, th i s   t ype   o f   f l ow  in s t ab i l i t y   accompan ies   t r ans i t i ona l  
f low  separation  and is a func t ion   of  ramp loca t ion   wi th   respec t   to   boundary- layer  
t r a n s i t i o n .  Inasmuch as t h e s e   t y p e s   o f   i n s t a b i l i t y   c o u l d   n o t   b e   a t t r i b u t e d   t o  wind- 
tunnel   effects ,   they  have  been  included as v a l i d  t e s t  r e s u l t s .  

Discuss ions   o f   e f fec ts   o f  ramp angle,   free-stream  unit   Reynolds number,  and  cove 
leak area on  cove  pressures  and  heating rates follow  and are based o,n thE d a t a  from 
f igures   13 ,   14 ,   and  15. A b r i e f   d i s c u s s i o n  i s  also  included  on  sealed-cove  resul ts  
f o r  a turbulent   boundary  layer .  The p resen ta t ion   o f   r e su l t s   ends   w i th  a d e t a i l e d  
d i scuss ion   o f   ca l cu la t ed  stream temperatures,  mass-flow rates ,  and hea t ing  rates i n  
the  cove as determined  from  the  channel-flow  method  of  reference 3. 

E f fec t   o f  Ramp Angle 

Wing.-  The e f f e c t s   o f  ramp angle  on e x t e r n a l  and i n t e r n a l   p r e s s u r e s   a n d  
co ld-wal l   hea t ing   ra tes  are presented   in   f igure   16   for   each   leak  area a t  

NRe,  00 
from t h e s e   r e s u l t s   a l s o   a p p l y  a t  the  higher   f ree-s t ream  uni t   Reynolds  numbers of   the 
p re sen t   i nves t iga t ion .   These   p lo t s  show t h a t  as ramp angle   decreases ,   the   ex ten t   o f  
f low  separation  over  the  wing  diminishes,   and  the  location  of  boundary-layer  transi-  
t i o n  moves downstream.  Consequently,  pressures i n  the   separa ted   reg ion   decrease ,   bu t  
wing hea t ing  rates a p p e a r   r e l a t i v e l y   i n s e n s i t i v e   t o  ramp angle  when separated  f low 
becomes tu rbu len t .  When t h e  ramp angle  provides  quasi-laminar  separation  from  the 
wing as i n   f i g u r e   1 6 ( b ) ,   t h e  wing  heat ing rates i n   t h e   s e p a r a t e d   r e g i o n  are less than 
laminar   a t tached-f low  heat ing rates. I n   t h i s  example,  wing  heating rates near   the  
cove  entrance are about   one-half   the   theoret ical   laminar   a t tached-f low  values   and are 
about  an  order  of  magnitude less t h a n   t h e   t u r b u l e n t   h e a t i n g  rates from t r a n s i t i o n a l  
s epa ra t ion .  When ramp ang le  is  dec reased   su f f i c i en t ly ,   t he   f l ow  ove r   t he  wing 
becomes a t t ached  as i n   f i g u r e s   1 6 ( c )   a n d   1 6 ( d ) .  The ramp angle  a t  which  the  flow 
becomes a t t ached   va r i e s   acco rd ing  t o  t h e  amount of   leak.   Thus,   the  ramp angle l i m i t  
fo r   a t tached   f low is  less than  15O for  Az/Ae = 0 . 1 3   ( f i g .   1 6 ( b ) )  and i s  g r e a t e r  
than 25O f o r  AZ/Ae -> 0 . 5 0   ( f i g s .   1 6 ( c )   a n d   1 6 ( d ) ) .  

= 0.35 X l o 6  per f o o t   f o r  ramp angles  between 35O and 15O. Conclusions  drawn 
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Ramp.- The p l o t s   i n   f i g u r e   1 6  show t h a t  ramp pressures   for   quasi- laminar   and 
t r a n s i t i o n a l   f l o w   s e p a r a t i o n  are considerably less than ramp pressures f o r   a t t a c h e d  
flow  (compare f i g s .   1 6 ( b ) ,   1 6   ( c )  , and 16 (d) ) . For   t rans i t iona l   f low  separa t ion ,  
pressures  on  the  downstream  portion  of  the ramp inc rease  as ramp angle   decreases   for  
each  leak area. Although  the scale fo r   p re s su re   u sed   i n   t hese   p lo t s   t ends   t o   obscu re  
tha t   obse rva t ion ,  it can be v e r i f i e d  from t h e   d a t a   l i s t e d   i n  table I V .  Th i s   e f f ec t  
p robab ly   i nd ica t e s   t ha t   fu l ly   r ea t t ached   f l ow had not  developed  on  the ramp. I f   t h e  
ramp l eng th   had   been   su f f i c i en t   t o   a l l ow  fu l ly   r ea t t ached   f l ow,  ramp p res su res  would 
have  decreased as ramp angle  decreased. A similar e f f e c t  w a s  observed a t  
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t he   e f f ec t iveness   o f  a sho r t   con t ro l   su r f ace   can   be   a l t e r ed   apprec i ab ly  by  flow 
sepa ra t ion  from the  wing. 

= 1.00 X l o6  p e r   f o o t  for Al /Ae  = 0.13 (table I V )  . Thus, it appears   tha t  

The h e a t i n g - r a t e   d i s t r i b u t i o n s   o n   t h e  ramp f o r   t r a n s i t i o n a l   f l o w   s e p a r a t i o n  show 
no e f f e c t   t h a t   c a n   b e   a s c r i b e d   t o  ramp angle.  

Cove.- A t  high ramp angles ,   where  the  separated  f low is t u r b u l e n t  a t  t h e  cove 
entrance,   cove  pressures   fol low  the wing p res su re  a t  the  cove  entrance  and  decrease 
as ramp angle  is decreased.   Correspondingly,   the   level   of   cove  heat ing  a lso 
decreases  as ramp angle  is decreased  but   only by about 35 pe rcen t  as, f o r  example, 
i n   f i g u r e  16 (b ) .  When t h e  ramp angle   provides   quasi- laminar   f low  separat ion as i n  
f i g u r e   1 6 ( b )   f o r  6 = 15 , cove  pressures  exceed  the  attached-flow  wing  pressure  but 
are much less than   those   under   t rans i t iona l   separa t ion   for   h igher  ramp ang les .  Con- 
sequently,   cove  heating rates for   quas i - laminar   separa t ion  are a t  l ea s t  one  order  of 
magnitude less t h a n   t h o s e   f o r   t r a n s i t i o n a l   s e p a r a t i o n .   I n   t h i s   i n s t a n c e ,   t h e  cove 
hea t ing  rates f a l l  from a value on the  wing a t  the  cove  entrance  that  is substan- 
t i a l l y  less than  the  a t tached-f low  value  given by laminar   theory.   Therefore ,   th is  
class of   separated  f low  produces  the  lowest   heat ing rates i n   t h e  cove among the   four  
classes of   ex te rna l   f low  encountered   in   the   p resent   inves t iga t ion .  When t h e  ramp 
angle i s  dec reased   su f f i c i en t ly   t o   p rov ide   a t t ached   f l ow  a long   t he  wing as i n   f i g -  
ures  16(c)  and  16(d),   f low  expands  around  the  rounded  cove l i p  so t h a t   t h e  cove  pres- 
s u r e s  are less than  wing  pressure a t  the  cove  entrance.   In   this   instance,   cove 
h e a t i n g   r a t e s   f a l l  from the  laminar  attached-flow  value  on  the  wing a t  the  cove 
entrance.  Hence, t he   l eve l   o f   hea t ing   i n   t he   ups t r eam  po r t ion   o f   t he   cove  is  higher  
than   tha t   for   quas i - laminar   separa t ion .  

0 

Effect  of  Free-Stream  Unit  Reynolds Number 

Typ ica l   e f f ec t s   o f  free-stream u n i t  Reynolds number on   ex te rna l   and   i n t e rna l  
pressures   and  cold-wal l   heat ing rates are p resen ted   i n   f i gu re   17  a t  maximum leak  area 
and a ramp angle  of 30°. These p l o t s  show a change i n  boundary-layer  flow  character- 
istics from t r a n s i t i o n a l   s e p a r a t i o n   t o   t r a n s i t i o n a l   a t t a c h e d   f l o w   f o r   a n   i n c r e a s e   i n  
free-stream u n i t  Reynolds number from  0.35 X l o 6  t o   1 . 3 8  X l o6  per   foo t .   For   the  
inc rease  from NRe,co = 0.35 X l o 6  t o  1 .00  X l o 6  p e r   f o o t ,   t h e   e x t e n t   o f   s e p a r a t i o n  

diminished as shown  by the  downstream movement in   t he   l oca t ions   o f   s epa ra t ion   and  
boundary - l aye r   t r ans i t i on .   Th i s   r e su l t  i s  cons i s t en t   w i th  a documented e f f e c t  
of   increasing  f ree-s t ream  uni t   Reynolds  number f o r   t r a n s i t i o n a l   s e p a r a t i o n  
( ref .  19) . For the i n c r e a s e   t o  = 1.38 X l o 6  p e r   f o o t ,   t h e   r e s u l t i n g   a t t a c h e d  

boundary   l ayer   exper ienced   the   onse t   o f   t rans i t ion   wi thout   deve loping   fu l ly   tu rbulen t  
flow a t  the  cove  entrance as shown by t h e   r i s i n g   h e a t i n g  rates on  the  wing.  These 
d i s t r i b u t i o n s  show t h a t   f o r   s e p a r a t e d   f l o w   t h a t   r e m a i n s   t u r b u l e n t  a t  the  cove 
entrance,   increasing  the  f ree-s t ream  uni t   Reynolds  number inc reases   p re s su res  and 
hea t ing  rates on the  wing,  on  the ramp,  and i n   t h e  cove. By i n c r e a s i n g   u n i t  Reynolds 
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number s u f f i c i e n t l y ,   t h e  boundary  layer becomes a t t ached   w i th   t he   r e su l t   t ha t   cove  
hea t ing  rates are decreased by more than   an   o rder   o f   magni tude   re la t ive   to   those   p ro-  
duced   under   t rans i t iona l   separa t ion .  

Effect  of  Cove Leak Area 

Pressures   and  heat ing rates.- The e f fec ts  of  cove  leak area on  external   and 
. . . . .  

i n t e rna l   p re s su res   and  on cold-wal l   heat ing rates are i l l u s t r a t e d  i n  order  of 
decreasing ramp a n g l e   i n   f i g u r e   1 8   f o r  a free-stream u n i t  Reynolds number of 
0.35 X 106 per   foo t .   Conclus ions  drawn  from these   resu l t s   regard ing   the   cove   envi -  
ronment also apply a t  the  higher   uni t   Reynolds  numbers o f   t he   p re sen t   i nves t iga t ion .  

A t  ramp angles  of 35O and 30° ( f i g s .   1 8 ( a )  and 1 8 ( b ) ) ,   t h e   e x t e r n a l   d i s t r i b u -  
t i o n s  are c h a r a c t e r i s t i c   o f   t r a n s i t i o n a l   s e p a r a t e d   f l o w   w i t h   s e p a r a t i o n   o c c u r r i n g  a 
cons iderable   d i s tance  upstream of   t he  cove entrance.   In   these  examples ,   separated-  
flow  wing  pressure  and  cold-wall  heating ra te  near  the  cove  entrance  exceed  attached- 
f low  re ference   va lues  by f ac to r s   o f   abou t  3 and  5,   respectively  (and by as much as 
3.6  and  7.3,   respectively,  a t  the   h igher   un i t   Reynolds  numbers ( see  tables I V  and V ) ) .  
A s  indicated,   the   es t imated  locat ions  of   f low  separat ion  and  boundary-layer   t ransi-  
t i o n  do   no t   appea r   t o   be   s ign i f i can t ly   a f f ec t ed  by the   suc t ion   e f f ec t   caused  by the  
leaking  cove  and show no order ly   change   wi th   l eak  area. A t  6 = 35O, separated-flow 
wing pressures   toward  the  cove  entrance  change  only  s l ight ly   with  leak area, b u t  a t  
6 = 30°, t h e   s u c t i o n   e f f e c t  i s  s u f f i c i e n t   t o   p r o d u c e  a no t i ceab le   dec rease   i n   t hose  
p re s su res  as l eak   a r ea   i nc reases .   In   t he   cove ,   p re s su res   ob ta ined  a t  6 = 35O and 30° 
match o r  exceed  separated-flow  wing  pressure a t  the  cove  entrance  for  Az/Ae up 
t o  0.50.  Hence, t he   f l ow  d i r ec t ion   ac ross   t he   cove   en t r ance   e i the r  remai-ed 
unchanged o r   t u rned   i n   t he   compress ion   d i r ec t ion  a t  those   l eak  areas. However, a t  
Az/Ae = 1.00 ,  cove  pressures  are much less than  the  separated-f low wing p res su re  a t  
the  cove  entrance  (but  are grea te r   than   a t tached-f low  re ference   p ressures)   and ,  
therefore ,   ind ica te   tha t   the   f low  expanded  a round  the   cove   l ip  a t  the  entrance.   This 
e f f e c t  a t  maximum l e a k  area a l so   occur red  a t  NRe,co = 1 . O O  x lo6 p e r   f o o t  as shown 
i n   f i g u r e   1 4 .  When th i s   e f f ec t   occu r red ,   f l ow  cond i t ions  a t  t h e  l e a k  were subsonic 
as given by  downstream-to-upstream  pressure  ratios  across  the seal ,  pqq/p > 0.537 
( see  table I V ) .  Thus,   the   f low  process   in   the  cove  differs   f rom  that  a t  smaller 
leak areas as ind ica t ed  by the   re la t ive ly   nonuni form  pressure   d i s t r ibu t ions   and   the  
s h a r p   l o c a l   r i s e   i n   p r e s s u r e  a t  the   t u rn   i n   t he   cove   pa th  (s/r = 9 . 8 ,   s t a t i o n  2 1  i n  
table I ) .  This   increase   and   the   accompanying   increase   in   hea t ing  rates t h e r e   r e f l e c t  
an  exchange  of  energy as the   cove   f low  dece lera tes   in   the   tu rn .  Downstream of   the  
seal, as ind ica t ed  by t h e   f i l l e d  symbols i n   f i g u r e s   1 8 ( a )   a n d   1 8 ( b ) ,   s t a t i c   p r e s s u r e  
i n   t h e   c a v i t y   a n d   p r e s s u r e  a t  the   bu lkhead   ( s ta t ions  44 and  45, r e s p e c t i v e l y ,   i n  
table I)  inc rease  as l eak  area inc reases .  A t  t h e  same t i m e ,  the   cove  heat ing rates 
near  the  entrance,   near  the  seal ,   and,  most  importantly,  a t  t he   bu lkhead   i nc rease   t o  
levels t ha t  approach  and  sometimes  exceed  the  turbulent  separated-flow  heating rates 
on  the  wing.  Thus, a t  ramp angles  of 35O and 30°, the  cove  aerothermal  environment 
becomes inc reas ing ly   s eve re   w i th   i nc reas ing   l eak  area. 

I n   c o n t r a s t   t o   t h e   f o r e g o i n g ,   t h e   d i s t r i b u t i o n s   f o r   t h e  ramp angle   of  25O 
( f i g .  1 8 ( c ) )  show t h a t   f l o w   s e p a r a t i o n  is t r a n s i t i o n a l   o n l y   f o r  Az/Ae up t o  0.13. 

For Az/Ae = 0.50   and   1-00 ,   the   d i s t r ibu t ions  are cha rac t e r i s t i c   o f   l amina r   a t t ached  
flow.  Consequently,   cove  pressures are less than  attached-flow  wing  pressures as a 
r e s u l t  of flow  expansion a t  the   cove   l ip ,   and   cove   hea t ing  rates decrease  from lami- 
nar   a t tached-f low  values .  The d e c r e a s e   i n   t h e   l e v e l  of cove  heat ing  f rom  that  
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generated by t r a n s i t i o n a l   s e p a r a t i o n   a t  Az/Ae = 0.13 t o   t h a t   f o r   l a m i n a r   a t t a c h e d  
flow i s  a s  much a s  an  order  of  magnitude.  Moreover, a t  maximum l e a k ,   t h e  cove heat-  
i n g   r a t e s   ( t r i a n g l e s )   a r e   l e s s   t h a n   t h o s e   f o r   t h e   s e a l e d  cove ( c i r c l e s )  which  had 
been  exposed t o   t r a n s i t i o n a l   s e p a r a t i o n .  S i m i l a r  r e s u l t s  were  obtained a t  t h i s  ramp 
ang le   fo r  = 1.00 X l o 6  p e r   f o o t   ( f i g .   1 4 ( c ) ) .  Thus, a t  a ramp angle  of 25O, 

t h e  cove aerothermal  environment  generated by t r ans i t i ona l   s epa ra t ion   can   be   r e l i eved  
by increas ing   the   l eak   a rea .  I n  t h i s  instance,   boundary-layer   bleed by s u c t i o n   i n t o  
the  cove was su f f i c i en t   t o   p reven t   bo th   s epa ra t ion   and   boundary - l aye r   t r ans i t i on .  
This  s t a b i l i z i n g   e f f e c t  of suc t ion  on  the  boundary  layer i s  discussed by Sch l i ch t ing  
( r e f .  25,  pp. 269 and  423). 
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For  quasi-laminar  separated  f low,  as i n  f i g u r e   1 3 ( d ) ,   t h e   e x t e n t   o f   s e p a r a t i o n  
i s  re la t ive ly   smal l .   Consequent ly ,   the   suc t ion   e f fec t   o f   increas ing   the   l eak   a rea  
would  be  expected t o   r e s u l t  i n  laminar  at tached  f low. I n  tha t   even t ,   t he   l eve l   o f  
cove  heating  would  be somewhat greater   than  for   quasi- laminar   separat ion  because  the 
l e v e l  of  cove hea t ing   a t   the   cove   en t rance  would  be g r e a t e r   r e l a t i v e   t o   t h e  
separated-f low  heat ing  there .  

Cove and bulkhead  pressures.-   Details   of  the  cove  environment  not  conveniently 
discerned i n  f igu re   18   a r e  summarized i n  f igure   19 .   In  t h i s  f igure,   normalized 
pressures ,   normal ized   co ld-wal l   hea t ing   ra tes ,   and   tempera ture   ra t ios   f rom  the  
beaded  thermocouples i n  the  cove and a t   t h e   b u l k h e a d   a r e   p l o t t e d   a s  a function  of 
l e a k   a r e a   r a t i o   f o r  a f ree-s t ream u n i t  Reynolds number of  0.35 X l o 6  per   foo t .  I n  
f i g u r e   1 9 ( a ) ,   d a t a   a r e   p r e s e n t e d   f o r  a ramp angle  of 30° t o   d e m o n s t r a t e   e f f e c t s   t h a t  
occur when t h e   e x t e r n a l   f l o w   e n c o u n t e r s   t r a n s i t i o n a l   s e p a r a t i o n   a t   a l l   l e a k   a r e a s .  
I n  f i g u r e   1 9 ( b ) ,   d a t a   a r e   p r e s e n t e d   a t  a ramp angle  of 25 to   demonst ra te   the   e f fec ts  
tha t   occur  when the   ex te rna l  flow  becomes a t t ached .  

0 

I n  the  upper  plots  of  f igure  19,   average  cone  pressure  between p15 and p22 
( t a b l e  I,  c i r c l e s ) ,   b u l k h e a d   p r e s s u r e   ( t r i a n g l e s ) ,  and d i f f e r e n t i a l   p r e s s u r e   a c r o s s  
the  seal   (p22-p44 i n  t a b l e  I ,  diamonds) a r e  compared w i t h  the  measured  wing  pressure 
nea res t   t he  cove   en t rance   (dashes) .   For   t rans i t iona l   separa t ion ,   the   fo l lowing  
ef fec ts   o f   increas ing   leak   a rea   a re   observed:  

1. Average  cove  pressure  (c i rc les)   decreases   f rom  values   that   exceed  the 
separated-flow wing p r e s s u r e   a t   t h e  cove en t rance   (dashes)   for  A2/Ae 5 0.13 t o  a 
value  that   matches  the  separated-f low wing p r e s s u r e   a t  A2/Ae = 0.50 t o   l e s s   t h a n  
separated-flow wing p r e s s u r e   a t  A2/Ae = 1-00. I n  a l l  cases ,   the   average cove pres-  
sure  exceeds  the  reference  attached-flow  wing  pressure by a t   l e a s t  a f a c t o r  of 2.  

2 .  Different ia l   pressure  across   the  seal   (diamonds)   decreases   f rom a l e v e l  
equivalent   to   the  separated-f low wing p r e s s u r e   t o   f r e e - s t r e a m   s t a t i c   p r e s s u r e   a s  
AZ/Ae increases  from 0 t o  1. 

3. The p r e s s u r e   a t   t h e   b u l k h e a d   ( t r i a n g l e s )   i n c r e a s e s  from  a value  about  equiva- 
l e n t   t o   f r e e - s t r e a m   s t a t i c   p r e s s u r e   a t  A2/Ae = 0 to   the  average cove p r e s s u r e   f o r  
A ~ / A ~  = 1.00. 

When the  external   f low becomes a t tached  (Az/Ae 2 0 . 5 0 ,  f i g .   1 9 ( b ) ) ,   p r e s s u r e s  
i n  t h e   c o v e   ( f i l l e d   c i r c l e s )  and a t   t h e   b u l k h e a d   ( f i l l e d   t r i a n g l e s )   a r e   l e s s   t h a n   t h e  
a t tached-f low  re ference   p ressure   (dashes) ,   and   d i f fe ren t ia l   p ressure   across   the   sea l  
( f i l l e d  diamonds)  approaches  zero. 
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Cove and  bulkhead  heating rates.- In   t he   cen te r   p lo t s   o f   f i gu re   19 ,   no rma l i zed  
cold-wal l   heat ing rates i n   t h e  cove near   the   en t rance ,   near   the  seal ,  and a t  the  bulk- 
head are compared with  the  measured  wing  heating ra te  neares t   the   cove   en t rance .   For  
t r a n s i t i o n a l   s e p a r a t i o n ,   t h e   f o l l o w i n g   e f f e c t s   o f   i n c r e a s i n g   l e a k  area are observed: 

1. The cove  heat ing ra te  near  the  entrance (c i rc les ,  s t a t i o n   1 5   i n   t a b l e  I )  
i n c r e a s e s   t o - t h e   t u r b u l e n t   h e a t i n g  ra te  on t h e  wing  (dashes, q14/qref = 4 )  f o r  

Az/Ae 2 0.50. It exceeds  the  reference  laminar  at tached-flow  value by a t   l ea s t  a 

f a c t o r   o f  2 f o r  a l l  values   of  A ~ / A ~ .  

2 .  The cove  heat ing ra te  a t  t he  seal  (diamonds, s t a t i o n  24 i n  table I )  inc reases  
t o  75 pe rcen t  of t h e   t u r b u l e n t   h e a t i n g  ra te  on  the  wing as Az/Ae i nc reases   t o   1 .00 .  

It approaches  the  reference  laminar  at tached-flow  value a t  Az/Ae = 0.13 and  exceeds 
the   re fe rence   va lue  by  about a f a c t o r  3 a t  Az/Ae = 1-00. 

3. Bulkhead  heating r a t e  ( t r i a n g l e s )   i n c r e a s e s   t o   w i t h i n   t w o - t h i r d s   o f   t h e   t u r -  
b u l e n t   h e a t i n g  ra te  on   the  wing (dashes) as Az/Ae i nc reases  from 0 t o  0.50  and i s  
wi th in  90 p e r c e n t   o f   t h a t   v a l u e  a t  Az/Ae = 1-00. ( A t  the  free-stream  unit   Reynolds 
number of  1.00 X lo6 per   foo t ,   the   bu lkhead   hea t ing  ra te  exceeded  the  turbulent 
hea t ing  ra te  on  the  wing a t  Az/Ae = 1.00 (see t a b l e  V) . ) For Az/Ae 2 0.50 , t h e  
bulkhead  heating ra te  exceeds  the  reference  laminar  at tached-flow  value by more than 
a f ac to r   o f  3. When the   ex te rna l   f low becomes a t t ached  (Az/Ae 1 0.50 , f ig .   19   (b)  ) , 
cove  and  bulkhead  heating rates ( f i l l e d  symbols) are less   than   the   re fe rence   l aminar  
attached-f low value.  

c 
Temperatures i n   t h e  cove stream.- In  the  lower plots of   f igure   19 ,   s teady-s ta te  

temperatures  given by the  beaded  thermocouples i n   t h e  cove stream and  near  steady- 
s t a t e  va lues  a t  the  bulkhead are presented  referenced  to   f ree-s t ream  total   tempera-  
ture.  (Normalized  bead  temperatures  from a l l  tests are l i s t e d   i n  table V I I . )  A s  
wi th   the  cove  heat ing rates discussed ea r l i e r ,  the  bead  temperatures   increase  with 
l eak  area and  decrease  with  dis tance  f rom  the  cove  entrance.   For   t ransi t ional   sepa-  
r a t i o n  and f o r  Az/Ae = 1 . 0 0 ,  the  bead  temperatures   a t ta ined 66 p e r c e n t   o f   t o t a l  
t empera ture   near   the   en t rance ,  46 percent   near   the  sea l ,  and 36 percent  a t  the  bulk- 
head. ( A t  the   higher   f ree-s t ream  uni t   Reynolds  number, these  temperatures  were  73, 
60,  and 50 p e r c e n t ,   r e s p e c t i v e l y ;  see t a b l e  V I I . )  I t  is  e v i d e n t   t h a t   f o r   t r a n s i -  
t iona l   (and   tu rbulen t )   separa t ion ,   h igh   gas   t empera tures  are generated  in   the  high-  
pressure  environment   just   outs ide  the  cove  entrance.   Thus,   under   these  separated-  
f low  condi t ions,  more energy is  a v a i l a b l e  which s u p p l i e s  more mass flow  through  the 
cove as l eak  area increases   and,   hence,   del ivers  more hea t ing   t o   t he   cove  w a l l s  than 
under  attached- f low cond i t ions .  

S ince   there  i s  n o   h e a t   l o s s  by r a d i a t i o n   i n   t h e   c o v e  and no conduction a t  t h e  
w a l l ,  the  bead  temperatures shown i n   f i g u r e   1 9 ( a )  are t h e  maximum v a l u e s   t h a t   t h e  
s t r u c t u r e  would  experience.  These  temperatures  and  corresponding  cove  heating rates 
suggest   that   prolonged  exposure  to   these  condi t ions  could  be  hazardous  to   unpro-  
t e c t e d   i n t e r i o r   l o a d - b e a r i n g   s t r u c t u r e s  made of aluminum a l l o y .  By c o n t r a s t ,  the 
bead  temperatures shown i n   f i g u r e   1 9 ( b )   f o r   l a m i n a r   a t t a c h e d   f l o w   ( f i l l e d   s y m b o l s )  
are between 30 and 40 pe rcen t   o f  t o t a l  temperature   near   the  entrance,  are 20 pe rcen t  
near   the  sea l ,  and are 15   percent  a t  the  bulkhead. Thus the  cove  environment is 
considerably less h o s t i l e   f o r   l a m i n a r   a t t a c h e d   f l o w   t h a n   f o r   t r a n s i t i o n a l   o r   t u r b u -  
l e n t   s e p a r a t i o n .  
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The cove  stream  temperatures  and  cove  heating rates presented  herein  comprise 
the bas ic   in format ion   needed   for   des igning   thermal   p ro tec t ion   of   the   cove .  From the  
f o r e g o i n g   t e s t   r e s u l t s ,  a v i ab le   t he rma l   p ro t ec t ion   concep t   fo r   f l i gh t  a t  a Mach  num- 
ber   o f  7 may be a h o t   s t r u c t u r e   t h a t  would allow cove  bleed  but would not   a l low  the  
inges ted   f low  to   impinge   on   the   in te rna l   s t ruc ture .   For  a Shu t t l e   t ype   r een t ry  m i s -  
s i o n ,  cove  stream  temperatures  and  heating  rates  would  be  required  over  the  reentry 
t r a j e c t o r y   t o   v e r i f y   t h e   c o n c e p t .  

Turbulent Flow 

Resul ts   f rom  an  a t tempt   to   force a turbulen t   boundary   l ayer   to   separa te   a re  
shown i n   f i g u r e  20. The test  w a s  conducted  with a sea l ed  cove f o r  a wing  angle  of 
attack of 5O and ramp angle  of 35O a t  NRe,co = 1.40 X 10   pe r   foo t .   Fo r   t h i s  test ,  
the   b lunt   l ead ing   edge  w a s  replaced by a sharp  leading  edge  equipped  with a boundary- 
l a y e r   t r i p   o f  0.094-in"diameter  spheres  spaced  across  the  width  of  the test bed j u s t  
upstream  of  the  nickel  wing  plate. A s  i n d i c a t e d ,  wing pressures  appear  uniform,  and 
wing heat ing  ra tes   fol low  the  calculated  curve  for   turbulent   f low.   Thus,   the   wing 
da ta   i nd ica t e   t ha t   t he   boundary   l aye r  w a s  a t t ached .  Moreover, i n   c o n t r a s t   t o   t h e  
resu l t s   ob ta ined   wi th   the   b lunt   l ead ing   edge ,  ramp pressures   and   hea t ing   ra tes  
peaked.  That  observation  and  the good agreement  between  experiment  and  theoretical 
va lues ,   e spec ia l ly   w i th   t he   ca l cu la t ed   t u rbu len t   hea t ing   r a t e s   based  on v i r t u a l  
o r i g i n  a t  the  ramp leading  edge,   indicate   ful ly   developed  a t tached  f low  over   most   of  
t he  ramp.  However, p ressures   in   the   cove ,  more than twice the  wing p res su res ,   i nd i -  
ca t e   t ha t   t he   f l ow compressed  across  the  cove  entrance.   Oil-flow  patterns on the  
fences ,  shown i n   f i g u r e  2 1 ,  r e v e a l e d   t h a t   t h e   f l o w   j u s t  above the  wing surface  began 
turning  outboard  over  the  cove  entrance.   In  the  cove,  heating  rates  decreased from 
t h e   e n t r a n c e   t o   t h e   s e a l  by more than two orders   of   magni tude  ( f ig .  20) . Moreover, 
t hese   hea t ing   r a t e s   a r e  less than  those  for   the  sealed  cove  obtained a t  the  lower 

NRe , m 
t a b l e  V ) .  Thus, it appea r s   t ha t   t u rbu len t   s epa ra t ion   gene ra t e s  more thermal   loading 
i n   t h e  cove  than  turbulent  at tached  f low.  For  the small ex ten t   o f   f low  separa t ion  
i n d i c a t e d   f o r   t h i s   t e s t ,  a leaking  cove would probably  cause  the  f low  to  expand a t  
t h e  cove  entrance. 

6 

of 1 .00 x l o 6  p e r   f o o t   f o r   t u r b u l e n t   s e p a r a t i o n  (compare t e s t s  1 4  and 33, 

Calculated G a s  Temperatures, Mass-Flow Rates ,  and 
Heating  Rates i n   t h e  Cove 

The purpose  of  the  following  discussion is t o  demonst ra te   appl icabi l i ty   o f   the  
one-dimensional  mathematical model of   reference 3 t o   p r e d i c t   t h e   c o l d - w a l l   h e a t i n g  
r a t e s   i n   t h e  cove p l o t t e d   i n   f i g u r e s  13 ,  1 4 ,  and 15. Inasmuch as the  computat ional  
procedure  requires a value  of  the  gas  temperature a t  the  cove  entrance  as   input ,   the  
equi l ibr ium  temperatures  from the  unshielded  thermocouples  (f ig.  7 )  were  used f o r  ' 

that   purpose.   Typical  responses  of  those  thermocouples  are shown uncorrec ted   for  
l o s s e s  from conduct ion   and   rad ia t ion   in   f igure  2 2  €or  Az/Ae = 0.13, 0.50, and 1.00 

= 0.35 X 1 0   p e r   f o o t   ( t e s t s  5,  6 ,  and 7 ,  t a b l e  11). The a t  6 = 30 and NRe,m 
p l o t s   i n   f i g u r e s  2 2 ( a )  and  22(b) show responses   to   t ransi t ional   separated  f low,   and 
t h e   p l o t s   i n   f i g u r e   2 2 ( c )  show responses   to   f low  tha t  w a s  a t tached   for   approximate ly  
9 sec  and then   abrupt ly   separa ted .   Uns teady   var ia t ions   in   bead   tempera ture  shown a t  
the  cove  entrance  ( locat ion a ,  i n s e t )   f o l l o w   v a r i a t i o n s   i n   t u n n e l   f r e e - s t r e a m   t o t a l  
temperature f rom  probes  located  in   the  combustor   ( f ig .  8 ) .  The drop in   t empera tu re  
shown a t  about 8 s e c   i n   f i g u r e   2 2 ( b )   r e f l e c t s   a n  anomalous v a r i a t i o n   i n   t o t a l  tem- 
p e r a t u r e   t h a t   o c c u r r e d   d u r i n g   t h a t  test .  
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Distr ibut ions  of   equi l ibr ium  temperatures  from t h e   t r a n s i t i o n a l   s e p a r a t i o n   d a t a  
of f i g u r e s  2 2 ( a )  and  22(b)  and  from  the  attached-flow  portion  of  the  data i n  f i g -  
u r e   2 2 ( c )   a r e   p l o t t e d  i n  f i g u r e  23. When the  equi l ibr ium  temperature  a t  the  cove 
en t r ance   ( l oca t ion  a, i n s e t ;  x/L = 0)  w a s  s p e c i f i e d  as the  entrance  gas   temperature  
i n  the   computa t iona l   p rocedure   o f   re fe rence   3 ,   the   resu l t ing   ca lcu la ted   gas-  
temperature   dis t r ibut ions  (sol id   curves)   underpredicted  the  measured  values  by about 
10   percent . -  By vary ing   the   en t rance   gas- tempera ture   input   un t i l   the   ca lcu la ted   gas  
temperature  near  the  leak  agreed  with  the  measured  equilibrium  temperature a t  loca- 
t i o n  f ( i n s e t ;  x/L = 0.97),   the  dashed  curves  were  obtained.  Curves  obtained  in 
t h i s  manner  were  used in   t he   p rocedure   fo r   ob ta in ing   t he   ca l cu la t ed  cove  heating 
rate d i s t r i b u t i o n s  shown i n   f i g u r e s   1 3 ,  1 4 ,  and  15. A l l  c a l cu la t ed   cu rves   i n   f i g -  
ure  23 were con t r ibu ted  by L. Roane Hunt,  author  of  the  procedure. 

The test  d a t a  a t  the   cove   en t r ance   i n   f i gu re  23 f o r  AZ/Ae = 0.13  and  0.50 
( t r a n s i t i o n a l   s e p a r a t i o n )  show t h a t   t h e  measured  equilibrium  temperature a t   t h e  cove 
en t rance   increases   wi th   increas ing   leak  area. However, t he   ca l cu la t ed   en t r ance  
va lues  from the  dashed  curves  do  not  change  with  leak  area  and are near ly  70 percent  
of to ta l   t empera ture .   Calcu la ted   en t rance   gas   t empera tures   for  6 = 35O yie lded  
similar r e s u l t s  a t  about  75 percent  of  total   temperature.   Thus,   the  one-dimensional 
theory  of   reference 3  seems t o   s u g g e s t   t h a t   f o r   t r a n s i t i o n a l   s e p a r a t i o n   t h a t  becomes 
t u r b u l e n t  a t  the  cove  entrance,   the   entrance  gas   temperature  i s  independent  of  leak 
a rea .  A mathematical model t ha t   comple t e ly   de f ines   t he   i ncoming   f l ow  f i e ld   a t   t he  
cove  entrance is r e q u i r e d   t o   v e r i f y   t h i s   p o s t u l a t i o n .  

The calculated  entrance  gas   temperatures   for   the  examples  shown i n   f i g u r e  23 
exceed  the  measured  entrance  values   for   t ransi t ional   separated  f low by up t o  19  per- 
cent   and  for   laminar   a t tached  f low (A1/Ae = 1.00) by about 10 percent .  Some of t he  
d i f f e r e n c e  between ca l cu la t ed  and  measured  values  obviously  results from thermal 
l o s s e s  by radiat ion  which,  as s t a t e d   e a r l i e r   i n   t h i s  report, amounted to   abou t  
10  percent a t  the   en t rance .  The discrepancy may a l s o   l a y   i n   t h e   c h o i c e  of o r i g i n  as 
the   en t r ance   t o   t he   cove ,  inasmuch a s  a s i g n i f i c a n t   g r a d i e n t   i n   N u s s e l t  number occurs 
over   the  entry  length  (see  eq.  ( 8 ) ) .  Another   reason  for   the  discrepancy may be t h a t  
the  thermocouple w a s  unable   to   sense  the  t rue  incoming  f low  temperature  where it w a s  
l o c a t e d ;   t h a t  i s ,  the  bead may have  been  located  within a flow eddy r a t h e r   t h a n   i n  
the  incoming  flow down the  ramp. 

Samples   of   cold-wal l   heat ing-rate   dis t r ibut ions  obtained from the  method of   ref-  
erence 3 using  entrance  gas   temperatures   given by the   dashed   curves   in   f igure  23 are 
p r e s e n t e d   i n   f i g u r e  24  f o r   t e s t s  5 ,  6 ,  and 7 ( t a b l e  11). Where the  cove w a l l s  a r e  
p a r a l l e l  (x/L up t o  0 . 6 ) ,  the  root-mean-square  difference  between  experiment  and 
c a l c u l a t e d   d i s t r i b u t i o n s  i s  about 1 4  p e r c e n t   f o r   t e s t s  5 and 6 ( t r a n s i t i o n a l   s e p a r a -  
t i o n )  and about 20 p e r c e n t   f o r   t e s t  7 (attached  f low).   Thus,   the  one-dimensional 
mathematical model of re ference  3 appears   wel l   su i ted   for   es t imat ing   co ld-wal l   hea t -  
ing  ra tes   in   an  unsealed  wing-elevon  cove  for   e i ther   separated  or   a t tached  f low a t  
t h e  cove  entrance. 

The measured  cove  gas  temperatures a t  l o c a t i o n  f i n   f i g u r e  23 were used i n  
o r i f i ce - f low  r e l a t ions   ( eqs .  (5) and ( 6 ) )   t o   e v a l u a t e  cove  mass-flow r a t e  from every 
t e s t   f o r  AZ/Ae > 0 .  Resul t ing  var ia t ions  of   gas   temperature  a t  the   en t rance  and 
near   the   l eak  are p l o t t e d  as a func t ion   of   cove   mass- f low  ra te   in   f igure  25 and show 
very good cor re la t ion .   These   var ia t ions  show r i s i n g  cove  gas  temperatures  with 
inc reas ing  mass-flow rate a l o n g   s e p a r a t e ,   f a i r l y   l i n e a r   c u r v e s   f o r   t r a n s i t i o n a l  and 
tu rbu len t   s epa ra t ion  and for   a t tached   f low.  A s  i nd ica t ed  by the   curves   ob ta ined  from 
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t he  method o f   l e a s t   s q u a r e s   ( s o l i d   l i n e s ) ,   t h e   g a s   t e m p e r a t u r e s   f o r   a t t a c h e d   f l o w  
rise more slowly  with mass f low  than   t hose   fo r   t r ans i t i ona l  and tu rbu len t   s epa ra t ion .  

The d a t a   i n   f i g u r e   2 5 ( a )  show t h a t  the gas  temperature a t  the  cove  entrance 
inc reases  more slowly w i t h  mass f low  than   t hose   nea r   t he   l eak   ( f ig .   25 (b ) ) .  The 
curves  obtained from the  method o f   r e f e rence  3 (dashed   l ines)   us ing   en t rance   gas  
temperatures  given by the  dashed  curves   of   f igure 23 as i n p u t   s u g g e s t   t h a t   t h e  
entrance  gas   temperature  is v i r t u a l l y   i n v a r i a n t  w i t h  cove  mass-flow r a t e .  

CONCLUSIONS 

The e f f ec t s   o f   i nges t ing   va r ious  amounts of m a s s  from  separated and a t tached  
boundary l a y e r s   i n t o  a wing-elevon  cove  were  determined as a func t ion  of cove  leak 
a r e a  and free-stream  unit   Reynolds number from  wind-tunnel tests a t  an  average  f ree-  
stream Mach number of  6.9. The model  used w a s  a 41.25-in.-wide,   full-scale,   heat-  
s ink   representa t ion   of  a section  of  the  cove  region  between  the wing  and elevon on 
the  windward sur face   o f   the   Space   Shut t le   o rb i te r .  Tests were  conducted i n   t h e  
Langley  &Foot  High-Temperature  Tunnel. Cove leakage was con t ro l l ed  by ad jus t ing   t he  
he igh t  of a gap up t o  0.5 in .   under  a sea l   l oca t ed   nea r   t he   e l evon   h inge   l i ne   fo r  
nominal  leak  areas  of 0,  13,  50, and 100 pe rcen t  of cove  entrance  area  of  20.625 i n  . 
The wing su r face  w a s  p i t ched  5O (flow  compression),  and a ramp on  top  of  the  elevon 
provided  f low-deflect ion  angles   of  15O, 25O, 30°, and 35O downstream of the unswept 
cove  entrance.   Pressure  and  cold-wal l   heat ing-rate   dis t r ibut ions  were  obtained on 
the  wing  and ramp su r faces  and on cove  walls. Nominal free-stream  unit   Reynolds num- 
be r s  were  0.35 X l o 6 ,  1-00 X l o6 ,  and 1.38 X lo6 p e r   f o o t ,  and a v e r a g e   t o t a l  tempera- 
t u r e  from a l l   t e s t s  w a s  3360OR. Duration  of  model  exposure to   t he   t unne l   f l ow w a s  no 
more than 20 sec .  
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A t  t h e  low free-stream  unit   Reynolds number and a t  ramp angles  between 35O and 
25O, separated  f low  underwent   t ransi t ion  to   turbulence a t  t h e  cove  entrance.  By 
holding any two of t h e   t h r e e   v a r i a b l e s  (ramp angle,  Reynolds  number,  and  leak area) 
cons tan t   whi le   vary ing   the   th i rd ,   f low  separa t ion   over   the  wing  and ramp w a s  e l imi-  
nated by decreasing ramp angle ,  by increasing  f ree-s t ream  uni t   Reynolds  number, o r  by 
increasing  cove  leakage.  For a sepa ra t ed   r eg ion   t ha t   unde rgoes   t r ans i t i on   ( i . e . ,  
t r a n s i t i o n a l   s e p a r a t i o n )  on the  wing,   pressure  and  cold-wal l   heat ing  ra te  a t  the  cove 
en t r ance   ( fo r  Tw/Tt =: 0.17) can  exceed  laminar  attached-flow  values by f a c t o r s  up 
t o  3.6  and  7.3, respect ively.   For   quasi- laminar   separated  f low  on  the  wing,   pressure 
a t  the cove  entrance  exceeds  attached-flow  pressure,   whereas  wing  cold-wall   heating 
rates decrease from at tached-f low  values .   Consequent ly ,   the   character   of   the   cove 
aerothermal   environment   var ies   widely  according  to   the  f low  condi t ions a t  the  cove 
entrance.  The fo l lowing   conclus ions   a re  drawn concerning  cove  response  to  these 
ex terna l   f low  condi t ions :  

1. Cove hea t ing  i s  d r iven  by the   p re s su re  and  boundary-layer s t a t e   a t   t h e  cove 
entrance.  

2. Cove p res su res   a r e   e s sen t i a l ly   equa l  on oppos i te  walls and a r e   r e l a t i v e l y  
uniform  regardless  of  whether wing  flow is  a t t a c h e d   o r   s e p a r a t e d .  Cove h e a t i n g   r a t e s  
decrease  with  distance  from  the  cove  entrance  but  increase  with  increasing  leak  area.  

3. A t  high ramp angles ,   the   separa ted   f low  remains   tu rbulen t  a t  the  cove 
en t rance   regard less   o f   l eak  area (6 = 35O),  and increasing  cove  leakage  progressively 
increases   cove   hea t ing   ra tes .   In   th i s   s i tua t ion ,   cove   pressures   exceed   or  match 
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separated-flow wing p res su re  a t  the  cove  entrance,  and  the  cove walls and the  bulk- 
head  behind  the  seal  become exposed t o   h e a t i n g   t h a t  may exceed  separated-flow  wing 
h e a t i n g   r a t e s .  A t  maximum leakage,  cove  stream  temperatures  can  reach 73 percent  of 
t o t a l  temperature   near   the  entrance,  60 pe rcen t   nea r   t he   s ea l ,  and 50 p e r c e n t   a t   t h e  
bulkhead. 

4. A t  lower ramp angles  (6  5 30 ) ,  increasing  cove  leakage  can  reduce  heat ing  in  0 

t he   cove   fo r   t r ans i t i ona l   s epa ra t ion   t o   t ha t   fo r   l amina r   a t t ached   f l ow.   In   t h i s  
s i t u a t i o n ,  cove p res su res  and hea t ing   r a t e s   a r e   l e s s   t han   a t t ached- f low wing values  
a t   t h e  cove  entrance,   and  cove  heating  rates a t  maximum leakage  can  be  less  than 
sealed-cove  heat ing  ra tes   for   separated  f low.  

5. I f   t he   l oca t ions   o f   boundary - l aye r   t r ans i t i on  and   f low  separa t ion   a re   c lose ,  
the  f low i n  the   s epa ra t ed   r eg ion  i s  unsteady.   Therefore ,   the   locat ion  of   separat ion 
can o s c i l l a t e ,  i n  which  event  the  cove  environment  pulsates  between  the  extremes 
given by t r a n s i t i o n a l   s e p a r a t i o n  and ei ther   quasi- laminar   separat ion  or   laminar  
attached  f low. 

6.  For a leaking  cove,   the  ramp angle  l i m i t  fo r   a t tached   f low  increases   as   l eak  
a rea   i nc reases .  

7. Cove s t ream  temperatures   are   proport ional   to   cove mass-flow r a t e  and  vary 
a l o n g   d i f f e r e n t   c u r v e s   f o r   s e p a r a t e d  and a t t a c h e d   f l o w s   f o r   a l l   l e a k   a r e a s  and f r ee -  
stream  unit  Reynolds  numbers. 

8.  For p a r a l l e l  cove walls, a one-dimensional  mathematical model t h a t  assumes 
laminar   developing  f low  can  predict   cove  heat ing-rate   dis t r ibut ions  within a range  of 
root-mean-square  differences  with  experiment  between 11 and 36 percent  using  measured 
cove  stream  equilibrium  temperatures.  

9 .   P r e s e n t   t e s t   r e s u l t s   i n d i c a t e   t h a t  a v iab le   thermal   p ro tec t ion   concept   for  
f l i g h t  a t  a Mach number of 7 may be a h o t   s t r u c t u r e   t h a t  would allow cove b leed .  

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
Apr i l  1 2 ,  1983 
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TABLE I.- LOCATION OF INSTRUMENTATION  ON  CENTERLINE 

[See f i g .  71 

test  bed 

( 3 1  

Numbers i n   p a r e n  
Rub 

H i n g e   a x i s  
i n d i c a t e   s p a n w i s e  
d i s t r i b u t i o n  

Orif ice   and 
thermocouple 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
13  
14  ( ref  . )  
15 
16 
17 
18 
19 
20 
2 1  
22 
23 
24 
25 

a 

a 

t h e s e s  

Wing, cove,   and  rub  surfaces  

I 

I 

S I  

i n .  

10.19 
14.19 
18.19 
22.19 
26.19 
30.19 
34.19 
36.19 
38.19 
40.19 
41.69 
43.19 
44.69 
46.19 
48.88 
50.08 
51.31 
52.48 
53.68 
54.88 
56.66 
59.69 
60.61 
61.44 
62.25 
-~ 

l 

a 

bor i f i ce   on ly .  
Thermocouple on  

-~ . . .. 

Wall th ickness ,  

~. 

i n .  
. .. 

0.250 

t 
.032 

. 0 30 
-032 
- 0  29 

- 

. .. 

Elevon  and ramp su r faces  

O r i f i c e  and 
thermocouple 

. . .~ 

b26 
b27 
b28 
b29 
b30 
b31 

32 
33 
34 
35 
36 
37 
38 
39 
40 
41  
42  
43 

a 

a 

a 

a 

a 

s '  I 

i n .  

0 
1.03 
2.05 
3.07 
4.13 
5.16 
6.15 
8.59 
9.59 

10.59 
11.59 
12.59 
13.59 
14.59 
15.59 
16.59 
17.59 
19.34 

Wall th ickness ,  
i n .  

0.125 

1 
.250 

28 



TABLE I1 .- TEST CONDITIONS 

Cove l e a k  

i n .  
T e s t   g a p   h e i g h t ,  

a, 6 ,  Tt' Pwf % o r  M qref'  Pwl 
MW 

NRe ,m' 

A l / A e   d e g   d e g  i n  
Leading  

OR p s i a   p s i  f t-l r e f  psi 0 R edge 

1 0.063  2 .60  0 .13 5 35  3375  0.063  2.86  7.09  0.33 X 10 6 .02  
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
1 3  

.250 

.500 
0 

-063  
.250 
-500  
-500  

0 
.063  
.250 
.500 
.063  

10 .31  
20 .63  

0 
2.60 

10 .31  
20 .63  
20 .63  

0 
2.60 

1 0 . 3 1  
20.63 

2.60 

.50 
1.00 
0 

. 1 3  

.50 
1 .00 
1.00 
0 

. 1 3  

.50 
1.00 

- 1 3  

35 
35 
30 

1 
25 

1 
1 5  

3400 
3400 
3500 
3350 
3550 
3325 
3340 
3307 
3325 
3550 
3500 
3275 

.064 2 .96  

.064 2 .83  

.065 2 .65  
-064  2.90 
.058  2 . 1 8  
.065  3.14 
-066  2 .98  
.064 2.15 
.066 3 .28  
.058  2 .16  
.061  2 .18  
.065  3.09 

7.10 
7 .11  
7 .18  
7.06 
7 .23  
7.00 
7 .03  
7 .05  
6 .93  
7 .23  
7 .18  
6 .98  

.33  

. 3 3  

.33  

.33  

.33  

.32 

.32  

.42  
- 4 1  
.33  
- 3 3  
. 4 1  

6 .05  
6.06 
6.18 
6.02 
6.04 
6.02 
6.03 
6 . 0 1  
5.94 
6 .04  
6.06 
6 . 0 1  

-c 

14 0 
1 5   - 0 6 3  
16   . 250  
1 7  .500 
18 0 
19   . 063  
20 -250  
21  .500 
22 0 
23  .063 
24  .250 
25  .500 

~ ;; ~ O.063 

0 .063  

.063 

0 
2.60 

1 0 . 3 1  
20.63 

0 
2.60 

1 0 . 3 1  
20.63 
0 
2.60 

1 0 . 3 1  
20.63 
0 
2.60 

2.60 
1 0 . 3 1  
20.63 

0 
2.60 

0 

0 
. 1 3  
.50 

1.00 
0 

. 1 3  

.50  
1.00 
0 

.13  

.50  
1.00 
0 

. 13  

0.13 
.50 

1.00 
0 

. 13  

0 

35 

I 
I 
1 

30 

25 

1 5  
1 5  

30 
30 
30 
25 
1 5  
- 

35 

3255 
3275 
3400 
3410 
3310 
3325 
3450 
3275 
3317 
3550 
3300 
3250 
3260 
3375 

3350 
3425 
3350 
3254 
3250 

3264 

0 .201  
.202 
-195  
.192 
-199  
.198  
.193  
.202 
.198 
.189 
.200 
.204 
.202 
.196 

0 .291  
-286  
-290  
.294  
.297  

0.297 

6 .22  
6 .15  
6 .34  
6 .10  
6 .36  
6 .49  
6 . 3 1  
5 .98  
6 . 3 1  
6.02 
6 .22  
6 .12  
6 .27  
6.14 

8 .67  
9.10 
8 .63  
9 .18  
8.84 

9 .09  

6 .80  
6 .79  
6 .90  
6 .92  
6 . 8 3  
6 .83  
6 .94  
6 .78  
6.84 
7.02 
6 .83  
6 .78  
6 . 8 1  
6.89 

6 .78  
6 .83  
6 .78  
6 .69  
6 .69  

6 .70  

1.01 x 10 
1.00 

.93  

.94  
1.01 

. 9 1  

. 9 3  
1.00 
1 .01  

.94  
1 .01  
1.00 
1 .02  
1.01 

1 . 3 5  X l o 6  
1 .36  
1 .35  
1 . 4 3  
1 . 4 3  

6 

1 .40  X 10  6 

5 .98  
5.92 
5 .99  
5.99 
5.84 
5 .83  
5.99 
5 .91  
5 .84  
6 .03  
5.85 
5 .92  
5.99 
5 . 9 1  

6 . 0 1  
6.14 
6 .00  
5.84 
5.85 

5 .85  

4.12  380  Blunt  
4 .16  
4.17 
4 .34  
4 . 1 1  
4.15 
4.12 
4 .12  
4 .10  
4 .00  
4.15 
4 .17  
4 .10  

380 
380 
385 
378 
385 
380 
380 
353 
372 
385 
385 
375 1 

10.80 
11.11 
11.24  
11 .24  
11 .76  
11 .74  
11 .47  
11 .08  
11 .78  
11 .60  
11 .79  
11 .12  
10 .87  
1 0 . 9 3  

15 .10  
14 .34  
15 .08  
15 .62  
15 .70  

16 .38  

397 
400 
4 10 
406 
400 
420 
410 
400 
400 
415 
398 
399 
397 
405 

I - I  

B l u n t  

\ 

B l u n t  

S h a r p ,  
t r i p p e d  
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TABLE 111.- SUMMARY OF SEPARATED-FLOW EVENTS 

No da ta  

Attached  flow 

Transi t ional   a t tached  f low 

m Laminar separa t ion  

Quasi-laminar  separation 

Trans i t iona l   separa t ion  

Turbulent  separation 

* I n i t i a l l y   a t t a c h e d  flow  followed 
by separa t ion  

0 Osc i l l a t ing   s epa ra t ion  



TABLE 1V.- NORMALIZED PRESSURES 

TeSt AZ/Ae ’ref‘ --------“ 
Wing - 6 ,  Lead ing  

psis pl/pref p2/pref  p3/pref ’4”ref p5/pref   p6/pref  ’7”ref p8 /p re f  ’9”ref plO/pref  ’11”ref p12/pref   p13/pref  ’14”ref e d g e  

1 0.13  0 .164  0 .476  0 .467  1 .530  1 .242  1 .883  2 .218  2 .469  1 .418  2 .733  2 .844  2 .896  2 .942  3 .029  3 .046  35  Blunt  
2  .50 
3   1 .00  
4 0  
5  .13 
6 .SO 

a7 1.00 
7   1 .00  

a8 1 .00  
8 1.00 
9 0  

10 . 1 3  
11 .50 
1 2  1.00 
1 3   . 1 3  l- 

.905 
1.274 
1.339 
1.198 
1 . 2 0 1  
1 .223  
1 .215  
1.279 
1 . 2 6 0  

.423 

1.256 
.E99 

1 . 2 6 2  
1.189 

.709 
1 .447  
1 . 1 4 1  
1 .152  
1 .095  
1.107 
1 .100  
1 .148  
1 .148  
1 .200  

1.118 
.E18 

1 .158  
1 .075  

.907 
1 .573  
1 .201  
1.290 
1 .113  
1.072 
1.215 
1 .090  
1 .193  
1 .176  
1.079 
1 .058  
1 .104  
1 .026  

1.204 
1 . 6 2 7  
1 .266  
1.414 
1 .275  
1 .024  
1 .318  
1.047 
1 .330  

.499 
1 .190  
1 .010  
1.042 

.983 

2.040 
1 . 8 8 2  
1 .318  
1 .478  
1.384 
1 .044  
1.402 
1.067‘  
1 . 4 1 2  
1 . 3 0 8  
1 .298  
1.022 
1 .070  

.998 

2.022 
2.216 
1 .713  
1 .633  
1 .484  
1 . 0 0 1  
1 .463  
1 . 0 1 5  
1.480 
1.366 
1 .356  

.974 
1.029 

.957 

2.465 
2 .591  
2.152 
1 . 9 6 7  
1.772 

.983 
1 . 6 4 5  

.987 
1 .733  
1.420 
1.463 

.965 
1 .013  

.942 

2.191 
2.699 
2.400 
2.104 
1.796 

.961  
1 .775  

.983 
1 .917  
1 .386  
1.530 

.918 

.999 

.911  

2.787 
2.814 
2 .645  
2:’290 
2.157 

.989 
1.981 
1.004 
2.105 
1 . 5 4 3  
1 .743  

.978  
1 .025  
1 . 0 2 7  

2 .775  
2 .913  
2.876 
2.456 
2.346 

.991  
2.163 
1 . 0 0 1  
2.280 
1 . 7 5 1  
1.939 

.970 
1 . 0 2 3  
1 . 0 8 2  

2.824 
2.937 
2.926 
2.539 
2.456 

.993 
2.281 
1 . 0 0 6  
2.404 
1 .937  
2.084 

.969 
1 .020  
1 .123  

3.112 
2 .971  
3.109 
2.625 
2.555 

.972 
2.384 

.986 
2.510 
2.142 
2.212 

.939 

1 .140  
-994  

2.994 
3.043 
3.227 
2 .723  
2.654 

.989 
2.478 

.989 
2.588 
2.006 
2.345 

.946 

1 .176  
.998 

3.312 
3.070 
3.304 
2.790 
2.727 
1.049 
2.547 
1 .033  
2.653 
2.483 
2 .451  

.978  
1 .023  
1 . 1 8 7  

35 
35 
30 

1 
25 

1 
1 5  

2.757 
2.630 
2.659 
1.409 
1 .694  
1 . 7 1 1  
1.619 
1 .360  
1.134 
1 . 0 4 9  

1.004 
.980 

1 . 0 1 1  
.997 

1.008 - 
2.080 

1 .015  
1 .887  

1 .078  
.996 - 

0 .934  

- 

1 4  0 0.437 0.991 

1.320 
1 .233  
1.154 
1.170 
1.273 
1.289 
1.076 
1.265 
1 .278  
1 .226  
1.267 
1 . 0 0 8  
1.267 - 
1.352 
1.490 
1 .316  
1.314 
1.242 

1.100 
- 

- 

3.227 
3.166 
3.356 
2.447 
2 .521  
2 .651  
2.700 
2.582 
2 .206  , 
2 .018  
1 .007  
1 .015  
1 . 0 1 3  

.983 
1 .015  

3.350 
3.235 
3.422 
2.519 
2.602 
2.725 
2.783 
2.669 
2.406 
2.164 
1.050 

. 9 9 1  

1 .002  
.987 

.989 

3.383 
3.305 
3.489 
2.572 
2.684 
2.802 
2.854 
2.737 
2.464 
2.889 
1.116 

.990 

1 . 0 0 1  
.989 

.989 

3.567 
3.329 
3.514 
2.605 
2.740 
2.859 
2  .e97 
2.783 
2.722 
2.401 
1 .160  

.996 
1 .003  
1 .196  

.996 

35 

1 
1 

30 

25 

1 
1 5  
15 - 

1 .652  
1.864 
1 . 5 0 2  
1.037 
1 .043  
1.053 
1 . 1 0 1  
1 . 0 5 3  

1.018 
.go9 

1 .030  
1.010 
1 .039  

1.040 

1.182 

1 .054  
1.206 

1.044 
1 .028  

0.990 

1 .455   1 .592  
1 .374  

1 .145   1 .285  
1 .095   1 .042  
1.038  .992 
1 .052   1 .015  
1 .158   1 .046  

2.473 
2.383 
2.286 
1 .159  
1 .223  
1 . 2 2 8  
1 . 0 5 1  
1.164 
1.053 
1 .037  
1 . 0 4 3  
1.054 
1 . 0 5 9  
1 . 0 7 3  
1.063 

1 . 4 5 1  
1 .378  
1 .073  
1 .065  
1.046 

2.937 3.006 
2.845 2.756 
2.968 2.790 
1 .874  2.008 
2.089 2.212 
2.160 2.149 
2.059 1 2.219 

3.114 3 .218  
3.029 3.107 

2 .223  2.371 
3.189 3.335 

2.338 2.452 

2.449 , 2.577 
2 .463  2.643 
2.320 2.484 

B l u n t  

v 

.458 

.452 

.452 

.498 

.498 

.461  

.458 

.498 

.461  

.461  

.498 

.437 

.458 

.452 
- 
.604 
.549 
.604 
.662 
.663 - 
.737 

- 

15 . 1 3  
1 6  .50 
1 7  1 .00  
18 0 
19 .13 
20 - 5 0  
21  1 .00  
22 0 

’23 . 1 3  
’23 - 1 3  
24 .50 
25 1 .00  
26 - 1 3  
27 .13  

28   0 .13  3.046 
3.054 
1 .016  
2.157 
1 .023  

3.310 
3.364 

2.666 
.998 

.984 

0.937 

1 5  

35   Sharp ,  
t r i p p e l  

0 .848  

I I 

% t a c h e d  flow. 
O s c i l l a t i n g   f l o w   s e p a r a t i o n .  
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TABLE 1V.- Continued 

r r r Elevon  Test   bed 6 ,  

- 
R u b  

~4'Pref 

1.474 
3.082 
I .068 
3.862 
3.052 
2.419 

.707 

.715 

1.844 
.682 

2.786 
2.525 

.661 

.526 
1.173 

4.177 
1.986 

1 .991  
3.294 

3.207 
3.135 
2.696 
2.116 
2.773 
2.655 
1 .179  

.553 

.535 
1.069 

,886 

Elevon  cavi ty  Cove 
e s t  

- 
1 
2 

4 
3 

5 
6 

a7 

a8 
7 

8 

10 
9 

11 
12 
1 3  

- 

1 5"re - 
3.415 
3.450 
2.203 
2.559 
3.065 
2.760 

.735 
1.863 

.707 
1.903 
2.685 
2.734 

.712 

1.177 
.544 

- 
3.890 
3.698 
3.670 
1.814 
2.912 

3.008 
3.166 

1.987 
2.673 

1.208 
2.681 

.609 

1 .021  
.540 

.868 

- 
.6"ref - 
1.424 
3.254 
1.130 
3.691 
3.056 
2.733 
.715 

1.810 
.686 

1.862 
2.751 
2.732 

,685 

1.152 
,525 

- 
3.986 
3.718 
3.663 
1.828 
3.087 
3.182 
3.000 

2.738 
2.056 

1.203 
2.677 

.601 

1.030 
.530 

.e55 

p s i a  

1.00 

.13 

.50 
1 .00  
1.00 
1.00 
1.00 
0 

.13 

.50 
1 .oo 

.13 I' 

17'pref 

3.426 
3.354 
2.058 
3.675 
3.085 
2.725 

.699 
1.764 

.668 
1.820 
2.759 
2.730 

.677 

1.159 
.520 

4.005 
3.716 
3.633 
1.797 
3.105 
3.200 
2.989 

2.747 
2.037 

1 .213  
2.700 

.603 

1.033 
.530 

.865 

'44'Pref 

0.537 

1.132 
.893 

.425 

.441 

.673 

.606 
1 .171  

.573 

.688 

.424 

.495 

.457 

.478 

.934 

0.432 
.616 

1.000 
.929 
.369 
.587 

1 .481  
.966 

.424 

.536 

.412 

.553 

.503 

.452 

.842 

Io'Pref 

1.456 
1.280 
Z. 213 
3.743 
3.112 
2.761 
.7 39 

1.927 
.709 

1.980 
1.998 
2.782 

.7 20 

1.177 
.541 

3.972 
3.719 
3.659 
2.028 
3.119 
3.211 
3.019 
2.209 
1.989 
2.710 
1.212 

.610 

1.040 
.544 

.870 

3.480 
3.664 
3.480 
3.664 
3.480 
3.480 

2.748 
.916 

2.748 
.916 

2.442 
.463 

.794 

1 .221  
.611 

3.404 
3.308 
Z.081 
3.718 
3.064 
2.689 

1.801 
.704 

1.856 
.676 

2.361 
2.720 

.679 

.517 
1.148 

3.998 
3.671 
3.639 
1.844 
3.117 
3.207 
2.988 
2.097 
2.350 
2.695 
1.209 

.601 

.535 
1.004 

.e49 

3.473 
3.357 
2.071 
3.740 
3.100 
2.727 

1.809 
.704 

1.860 
.670 

2.763 
2.744 

.682 

.517 
1 .171  

3.976 
3.724 
3.635 
1.841 
3.117 
3.207 
2.993 
2.090 
2.750 
2.705 
1.217 

.604 

.535 
1 .028  

.866 

1.245 
3.391 
2.841 
2.382 
3.159 
2.964 

2.443 

2.510 
1.787 
2.814 

1.190 
.601 

4.750 
3.510 
3.889 
2.720 
3.008 
3.198 

2.752 
3.214 

1.778 
2.690 
1.153 

.612 

.597 

.a21  

.771 

___- 

3.475 
3.462 
2.270 
3.747 
3.138 
2.779 

.752 
1.952 

.726 
2.013 

2.791 
1.568 

.737 

1.182 
.546 

3.632 
3.745 
3.710 
2.075 
3.136 
3.225 
3.050 
2.292 
1 .561  
2.725 
1.214 

.606 

.548 

.790 

.E69 

0.549 

1 .191  

1.280 

1.219 

.366 

.488 

.488 

.976 

0.455 

1.106 
.go1 
.361 

1 .041  
.522 

1.550 
.422 
.564 
.412 
.452 
.502 
.459 
.E41 

0.384 

.396 ' 

.402 

.402 

.390 

.402 

.354 

.372 

.396 

0.550 

30 .397  1.282 
35 .397  1.282 
35  .763 .507 
35  0.305 

.733 .317 

.794 3.232 

1.343 .396 
1.160 .549 

.549 .549 
1.221  .366 

.977  .183 

.938  .353  25 
1 

.916  .488 

.916  .549 1 

.915  .305  15 

1.043 1.653  35 

.700 .288 I 

.983 .281 30 

1.149 1 .627  
.762 1.526 

1.592 1.637 1 

- 

1.107 

.316 1 832 
.E25 I 1611 
.616  1.832 

.611 
.632  1.832 

.469 
.181 .611 
.645  .794 
.E87 .611 

1.221 

0.457 
I. 168 
,278  2.214 
.474  1.882 

.184  .502 
.401 

.317  1.951 

.705  2.182 

.196 .650 
.469 

.345 .434 

.716 .502 

.943 .545 
.455 
.E86 

14 0 0.437 
15   .13  .458 
16 .50 .452 

1 8  0 
17 1.00 .452 

.498 
19  .13  .498 
20 .50  .461 
21 1.00 .458 
22 0 .498 

'23 .13  .461 
'23 .13  .461 
24 .50  .49a 
25 1.00 .458 

27 .13 . 452  
26 .13  .437 

0.460  0.460 
.441 

3.985  .431 
2.834  .425 
3.110  .400 
3.170  .398 
3.361  .419 
2.945  .441 

.938  .353  25  3.325  .398 

.802  1.562 

.629  1.562 
2.710  .406 

1.224 1.586 
1.236  .406 

1.134  1.703 
.702  .402 
.545  .445 

.452  .636 1 5  .436  .462 

.E19  .E41 1 5  .E86  .434 

I 
28 
29 
30 
31  
32 

0 .13  0.604 
.50 .54E 

1.00 .604 
0 

.13 .66! 
.66; 

3.647 3.686 
3.504 3.519 

2.591 2.646 
.508 .507 

,750 .741 

3.684 3.679 3.681 3.706 3.702 3.726 3.616 0.178 0.662 0.656 0.646 1.258 
3.500 3.498 3.484 3.539 3.405 3.568 3.140 .329 2.370 1.138 1.239 1.240 

30 3.723 0.482 
7 0  3.864 .521 I 

! 
I 
" 

" 

.511 .512 .511 .518 .517 .519 ,513  .988  .496  .494  .497  .629 
2.672 2.633 2.648 2.628 3.516 2.868 2.785 

.751 .753 .747 .754 .643 .752 .754 

" - ~ ~ .  

30 .579 .480 
.486  .418  .493  .938  1.356  25 , .577  .444 
.830  .760  .754  .725  2.866  15  .755  .448 

2.437  2.603  2.531  2.472  2.548  2.528  2.532  2.571 , 1.034  1.064  1.030  1.341  1.051 35  2.354  0.403 

"""""""" 

33 0 0.737 

2 t a c h e d  flow. 
o s c i l l a t i n g  flow s e p a r a t i o n .  



I 

TABLE 1V.- Concluded 

~~~~ ~~ 

1 0.13  0.164  3.367  3.437  3.389  3.380  3.385  3.397  3.324  3.194  3.157  3.482  4.213  5.134  6.382  0.550  0.550  35 

i 2 .50 
3 1.00 
4 0  
5 .13 

a7 1.00 
6 .50 

a8 1.00 
7 1.00 

8 1.00 
9 0  
10 .13 
11 .50 
12 1.00 

3.318  3.412  3.351  3.359  3.363  3.387  3.401  3.314  2.740  3.862  4.877  6.182  8.314  .855  .794  35 
2.015  2.044  2.015  2.000  2.012  2.077  2.573  3.134  3.239  3.737  4.693  5.976  8.017  .916  .916  35 
3.695 
3.073 
2.643 
.732 

1.742 
.697 

1.781 
1.649 
2.729 
.723 
.543 

3.750 
3.109 
2.705 
.746 

1.746 
.713 

1.790 
2.914 
2.758 
.749 
.547 

3.686 
3.050 
2.666 
.746 

1.711 
.70 3 

1.747 
2.726 
2.708 
.737 
.550 

3.665 
3.054 
2.669 
.750 

1.694 
.712 

1.728 
2.799 
2.713 
.736 
.552 

3.673 
3.050 
2.674 
.753 

1.686 
.716 

1.720 
2.693 
2.718 
.748 
.555 

3.657 
3.107 
2.703 
.758 

1.734 
.720 

1.767 
2.730 
2.767 
.749 
.550 

3.586 
3.035 
2.778 
.803 
2.182 
.769 
2.244 
2.568 
2.714 
.761 
.542 

3.358 
2.929 
2.805 
2.188 
2.641 

2.806 
2.336 

2.601 
2.563 
1.839 
2.465 

3.594 
2.980 
3.073 
6.536 
3.079 
6.728 
3.169 
2.884 
2.921 
4.462 
4.701 

4.266 
3.465 

11.196 
3.800 

3.886 
11.408 
3.974 
3.800 
3.670 
6.826 
7.319 

5.415 
4.298 

14.049 
4.974 

5.171 
14.299 
5.240 
4.929 
4.675 
9.186 
9.613 

6.936 
5.283 
6.485 
15.587 
6.712 
15.815 
6.822 
6.151 
5.819 
10.828 
11.094 

9.007 
6.409 
8.672 
16.250 
8.861 
16.561 
9.118 
7.152 
7.111 
11.952 
12.152 

.488 

.550 

.e55 

.611 
1.160 
.550 

1.099 
.425 
.550 
.468 
.468 

-666 
.733 

.794 

.611 

.794 

.550 

.794 

.550 
1.404 
1.465 

30 

25 

13  .13 1 1.166 1.193  1.139  1.177  1.177  1.192  1.199  1.257  1.883  2.689  3.526  4.346  5.259  .916  .794  15 
“ __3” _ _ _ ~  

14 0 0.437 
.458 
.452 
.452 
.498 
.498 
.461 
.458 
.498 
.461 
.461 

3.971 3.879 3.909 
3.694 3.703 3.699 
3.599 3.608 3.641 
1.669 1.652 1.702 
3.080 3.070 3.063 
3.185 3.178 3.182 
2.938 2.937 2.969 
1.941 1.902 1.863 
3.014 2.973 2.975 
2.662 2.660 2.680 
1.184 1.187 1.213 
.600 .596 .596 
.541 .534 .534 

1.019 1.023 1.025 
.e47 .e54 .e73 

:::: 1 .507 1 .505 

3.678  3.675 3.660 
3.461  3.469 3.479 

3.002  2.940 2.940 
.752 .754 

2.639  2.607 2.594 

”- 

3.674 
3.610 
3.676 
2.609 
2.980 
3.108 
3.017 
2.277 
2.816 
2.642 
1.202 
.60 2 
.530 
1.002 
.866 

3.685 
3.422 
3.594 
2.721 
2.829 
2.915 
2.943 
2.867 
2.851 
2.483 
1.347 
3.116 
3.050 
1.799 
2.134 

35 

1 
30 

3.671 3.910 4.537 5.493 6.489 
3.380 3.697 4.325 5.253 6.377 
3.707 4.192 5.217 6.792 9.442 
3.121 3.844 5.043 6.714 9.140 
2.991 3.369 4.043 4.938 5.797 
3.114 3.587 4.405 5.522 6.967 
3.253 3.899 4.993 6.489 8.678 
3.389 4.258 5.710 7.672 10.791 
3.075 3.751 4.695 5.785 6.710 

4.117 6.760 9.774 11.572 12.581 
2.972 3.786 4.962 6.349 7.968 

5.210 8.517 10.724 11.455 11.810 
5.410 8.851 10.707 11.441 11.703 
2.920 3.865 4.950 5.857 6.644 
2.882 2.811 4.372 5.153 5.850 

-7 

3.622 

5.716  5.150  4.435 2.800  2.875 
7.196  6.040 4.829  3.799  3.140 

11.115  8.518 5.656 
9.836  7.415  5.765  4.137 3.805 
7.885 6.281  5.055  3.732 

20.599 16.626  18.268 18.626  19.414 

0.425 

.930 0.841 

.686 .598 

.441 .602 

.582 .642 

.997 .781 
1.462  .873 
.425 
.585  .932 
.455  .976 
.452  1.344 
.502  1.440 
.457 
.841  .E19 

3.599 
3.668 
3.552 
1.725 
3.107 
3.180 
2.917 
2.032 
2.894 

1.199 
2.664 

.595 

.538 

.E26 

.867 

3.675 
3.438 
.512 
2.988 
.753 

0.418 

3.919 
3.734 
3.636 
1.746 
3.138 
3.221 
2.972 
2.051 
3.185 
2.694 
1.197 
.604 
.544 

1.007 
.857 

3.714 
3.498 
.513 
3.113 
.757 

2.768 

3.880 
3.698 
3.603 
1.718 
3.101 
3.191 
2.945 
2.007 
2.963 

1.205 
2.683 

.601 

.541 
1.013 
.864 

3.685 
3.468 
.512 
2.949 
.749 

2.577 

15  .13 
16 .SO 
17 1.00 
18 0 
19  .13 
20  .50 
21 1.00 
22 0 

b23 .13 
b23 .13 

25 

-E .452 

24  .50 
25 1.00 

30 
30 
30 
25 
15 
- 
35 - 

0.604 
.549 
.604 
.662 
.663 
- 

L 
0.737 

3.576  3.408 1 3.651 3.502  3.493 

2.785  2.827 
2.283 

2.470  2.973 

pttached flow. 
Oscillating  flow  separation. 

W 
W 



TABLE V.- NORMALIZED  COLD-WALL  HEATING RATES 

I i1 - 

'Z/Ae 

- 
0.13 

.50 
1 . 0 0  
0 

. 13  

.50 
1 .00  
1.00 
1 .00  
1.00 
0 

. 13  

.50 

r Wing 
I 

I 

q r e f '  
t u / f t 2 - s e c  T e s t  

- 
1 
2 
3 
4 
5 
6 

7 
a8 
8 
9 

1 0  
11 

a7 

I 

/i i ;I '6"ref 

3.173 
3.876 
3.876 

2.749 
2.224 
1.127 
1.696 
1.059 
1 .685  

i::;: 1 3.682 
3.074 

3.682 3.585 
3.377 3.469 
3.360 , 3.360 
3.243 ' 3.614 
1.127 ' 1.025 
2.894 j 3.293 
1.059 I -867 

3.272 
4.118 
4.070 
3.423 
3.461 
3 -984 

.922 
3.991 

.915 
3.983 
3.257 

4.215 
5.039 1 :: 3.669  4.165 

4.361 5.136  35 
3.608 4.071 30 
3.767 4.072 
4.262 4.726 1 .922 .820 
4.291 4.989 

.867 .963 
4.290 4.698 'I 
3.268 3.671  25 

1 1.008 
1.032 
1 .032  
1 .081  

.982 
1.079 

.976 
1.002 
1.038 

.979 

.967 
1 .001  

1.785  0 .992 
1.938  1 .357 
1.938  .775 
1.850 

~ 

1.711 
1.934  1 .425 

1 2.131 1 1.761 

1.896 1 1.597 
1.926 ' 1.348 
1.838 , 1.634 
2.223 

~ 1 .789  
1 .698  1.498 

1.844 i 1 .639  

1.289 
1.066 

.678 
1.295 

.865 
1.390 
1.434 
1.098 

.963 
1.124 

3.173 
3.779 
3.876 
3.423 
3.360 
3.984 
1 .025  
3.792 

.963 
3.881 
3.071 

1.332 , 1.230 1 .025   1 .025  
3.592  3.692 

.963 , .963 
3.677  3.779 

2.895 
2.99.7 ' 
1.043 

-898  
1.059 

- 9   1 9  

.798 

.867 

.817 2.962 
1 .655  
1.698 
1 .185  
1.110 
1.097 

4.572 
4.668 

3.371 
2.068 
2.098 
1.138 
1.110 

.987 

4.572 

1.375 I .900 
1.199 , .a49 

.693 .869 

.699 1 .999 
1.328 ~ 1 .233  
1.295 ' 1.156 
1.206 I 1 . 1 5 1  

2.689 
2.697 
1.090 
1.110 

.877 

4.591 

3.197 ' 3.297 3.496 3.796 
1.043 1 .043  1 .043  1 .043  1.055  2 .181 , 1.802  1 .612  1 .422 

1.081 1 .942   1 .758  ' 1.480  1 .388 
1.535  1 .316 

1 2  1.00 1.064 , 1.018  .971  .925  .925 t 
-768  ' .658  .548  .439  .493  15 1 3  ' .13 

"- 
1 4  0 
15   . 13  
16   . 50  
17   1 .00  
18 0 
1 9   . 1 3  ~ 

20  .50 

1- .912  2.084  1.645 

1.553 2.318  1.577 
1.607  2 .054  1 .494 
1.676  2 .148  1 .611 
1.683  2.080  1.842 
1 .698   1 .620   1 .414  
1.711  2.104  1.870 
1.743  2.065  1.779 

<" " 

2.575 
1.805 
1.194 
1.604 
1.355 
1.637 
1.492 
1 . 4 3 1  
1.566 
1.507 
1.694 
1 .421  
1 .513  

4.958  5.054 ~ 4.829 
4.294  4.792 I 

2.984  5.013 ' 5.072 
1.248 , 1.129 
1.060  1 .767 

' 4.572 4.572 4.861 5.344 5.859  35 
I 4.605 4.792 4.917 5.352 5.975 

5.072 5.311 5.490 5.968 6.505 1 4.605  4 .605 
! 5.072 1 5 .072 5.251 

4.634 
4.094 
4.734 

4.337 
4.064 

4.208  4.500 

4.516 
4.005 

I 4.676 
3.213  4.590  4.705 
2.489 ' 4.294  4.605 

.939 ~ 3.227 I 4.165 
1.563  2 .455 
1 .255  ' 1 .192  
1 . 3 0 3   1 . 4 2 1  

4.753 4.931 4 .991  5.347 5.941 1 
4.064 3.976 4.035 4.359 4.712 30 
4.500 4.910 4.851 5.026 5.669 

4.762 4.819 4.877 5.020 5.393 6.082 
1 4.854 4.979 , 5.228 5.415 5.726 6.410 

1 .169  
1.147 
1.120 
1 . 3 4 9  
1.395 
1.506 
1.244 
1.324 

2.338 
1.262 

.996 
1 .173  
1.339 
1.380 
1.303 
1 .261  
1.379 
1.207 

3.164 
1.982 
1.477 
1.287 
1.775 

7.110 

21 1.00 , 1.607 1.805 1 .618  
22 0 1 .705  2.112 1 .731  

b23 .13 1.792 2.065 1.786 
b23 .13 1.594 2.321 2.008 

24 , .50 1.689 1.895 , 1.717 ' 25 1.00 1.586 ' 2.144 ' 1 .639  , 

j 4.811 
3.572 

' 1.129 
I 1 . 303  

4.693 4.987 4.811 4.975 5.415  25 
4.074 4.297 4.409 4.632 5.023 
1.067 1.004 .816 .753 

.816 1 1 . 4 2 1  , 1.421 1 .421  1.480 1.717 
1 .229  1.198 1.198 1.166 1.135 
1 .123  1 .091  1 . 0 9 1  1.039 .937 15 
1.087 1.087 1.026 1.026 .966   15  
_1_3 - 
5.537 5.801 5.801 6.170 6.750 30 
6.108 ' 6.322 6.376 6.751 7.340 30 
1.899 2.004 2.057 2.109 2.215 30 
4.580 4.701 4.749 4.966 5.328  25 
4.125 I 4.282 4.386 4 .491  4.595  15 

,- 
6.080 ' 6.080  5.980 , 5.880  35 

I I " - .  

1.339 
1.317 
1 .362  
1.198 
1.219 

1.198 1.229 
1.187 1.174 
1.087 1.087 

1.198 
1.219 
1.147 

5.485 
5.840 
1 .582  
2.387 
3.133 

6.440 

26 .13  1.559 

1.896 
29 ! .50 1 1.867 i 30 .l.oo 1.896 

2.074 

- 

aAt t ached  flow. 

4- 

5.537 5.643 
5.840 6.108 
1.688 1.793 

1.157 c 6.700 

b O s c i l l a t i n g   f l o w   s e p a r a t i o n .  



TABLE V.- Continued 

1 0.13 1.008 3.024 2.082 1.884 1 .091  1.438 0.942 1.735 0.149 1.091 1.140 0.198 0.297  35 
2 .50 1.032 4.845 3.537 3.052 2.035 2.568 1.744 2.956 2.326 3.149 2.568 1.454 3.973 35 
3 1.00 1.032 5.524 4.118 3.779 2.132 3.440 2.520 7.026 3.101 2.229 3.682 2.229 5.087  35 

5 .13  .982  2.698  1.833  1.527  .916  1.069  .662 ,, 1.273 .865 .916 -204  .356 
6 -50  1.079  4.865  3.614  3.243  2.363  2.502  1.946  .510  2.085  2.733  2.363 .046  3.150 

4 0  1.081  2.220  1.341 1.110 .648  .601  .416  .463  .046  .139  .046  .046  30 

a7 1.00 .976  1.178 .E20 .666 .307  .461  .307  .820  .359  .154  .359  .307  .512 
7 1.00  1.002  3.892  2.994  2.744  1.746  2.594  1.796  5.488  2.295  1.696  2.744  1.746  4.041 

a8 1.00  1.038  1.108  .722  .578  .241  .433  .337  .770  .337  .144  -337  .289  .481 
8 1.00 .979  4.596  3.371  3.064  1.736  2.962  2.145  6.230  2.656  2.673  3.013  1.838  4.391 
9 0  .967  1.913  1.215 .E07  .595  .491  .362  .259  .134  .052  .031  .021  25 

10 -13 1.001  2.797  1.898  1.498  .999  1.049  .749  1.199  .749  .849  .200 
11 .50  1.055 .E53  .522  .427  .284  .284  .237  .095  .190  .190  .237  -028 : E  I 
12  1 .00  1 .081  .786  .463  .370  .185  .278  .185  .370  .185  -093  .231  .185  .278 
13  .13  .912  .329 .186 .164 .110 .055  .055  .143  .274  .110  .055 .110 15 

1 4  0 
15 .13 
16 .50 
17   1 .00  
18 0 
19 .13 
20  .50 
21  1.00 
22 0 

1.553 
1.607 
1.676 
1.683 
1.698 
1 .711  
1.743 
1.607 
1.705 
1.792 
1.594 
1.689 
1.586 
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4.267 2.238 3.491 2.835 5.013 3.461 
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0.515 0.026  0.052  0.258 0.387 
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.148 
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5.446 
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.188 
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.060 
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2.277 
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30 

25 
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-030 15 

s t a c h e d  flow. 
O s c i l l a t i n g  f low s e p a r a t i o n .  
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1.00 1.683 7.130 
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.13 1 .711  7.014 
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1.00 1.607 8.091 
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10.262 

7.726 
9.335 
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TABLE  VI . -  ROOT-MEAN-SQUARE DIFFERENCE BETWEEN  MEASURED 
AND CALCULATED  COVE  HEATING  RATES 

1 I 
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i n s t r  

Reusable  surface  insulation 

ELEVON 

"7 
F1 ow 

Development f l i g h t  
'umentation  thermocouples 

HIGH PRESSURE 

Figure 1.- Cross s e c t i o n  of Space S h u t t l e   o r b i t e r   s t r u c t u r e  
a t  wing-elevon  juncture. 
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L-80-7504 
Figure 2.- Separated-flow  test  installation. 



,- Aerodynamic fence, mild steel  

\ \  Orf ice7 \ *. 

High-temperature si l icone rubber 
caulking between ramp  and fence 

Rotatable ramp plate,  
Wing plate,  0.25-in.-thick  nickel 201 

0.25-in.-thick  nickel 201 
Rotatable  elevon, mild steel 

Insulating packing between 

Cylindrical r u b  surface, 
stainless  steel  

:. : 

““I 
ILeadi  ng edge,  copper 

Figure 3 . -  I l lus t ra t ion   o f  model with  one aerodynamic fence removed t o  show re la t ionship  
of components  and dis t r ibut ion  of   surface  instrumentat ion.  



Ill1 I I  I Ill1 I I I I I I I  lllll111l11l1l1l1l11l1l1llll 

( a )   S impl i f i ed   l ong i tud ina l   c ros s   s ec t ion .  

I 0 u tboa rd 

(b) Cross section  of  aerodynamic  fence. 

t 

(c )   De ta i l   o f  wing a t  cove  entrance. 

r Closure plate 

/ ,--Elevon 

118 ~ 

(d)  Plan  view. 

Figure 4.- De ta i l s  of model  and t e s t  bed  assembly. 
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41.00 
(Ramp. 
elevon) 
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Turnbuckles (6 1 7 

Flow 

Nickel 201 elevon  leading edge 

Flex hinge 
BulkheadJ 

(a) Arrangement of wing-cove housing,  elevon, ramp,  and seal   (e levon  def lected 1 0  1 .  
0 

Figure 5.- Cross  section of model a t  juncture of wing  and elevon. 
Linear  dimensions  are  in  inches. 



I f 0-25radi 

L H i n g e  axis 
0.88 rad. 

128. P 
(b) Wing-cove  housing. 

\ A  

6.00 rad. 

T \  3.75 Hinge  ax is  
0.38 rad.-/ \ 

= 6.50 

(c)  Elevon  and ramp. 

Figure 5.- Concluded. 
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I Cove s e a l  
l e a k   h e i g h t  I 

0 
0.063 

Cove s e a l   l e a k   h e i g h t ,  
v a r i e d   b y   s t a c k i n g   s h i m s  
u n d e r   r u b   p l a t e  

T h i n   s p a c e r s   m a i n t a i n  
s p a n w i s e   l e a k   h e i g h t  

Figure 6.- Seal and rub surface arrangement.  Dimensions  are in inches. 

.250 
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Distance  of  thermocouple from 
wall a t   locat ion-  

a-f 
0.OG 0.25 

SI 

Ee Hinge axis I2 

Symbol Sensors 

S ta t ic   p ressure   o r i f ice  A 
Wall thermocouple and s t a t i c   p r e s s u r e   o r i f i c e  0 
Wall thermocouple 0 
Pitot  pressure probe 4 
Cove gas thermocouple ( 5  spanwise a t  g )  

Figure 7.- Cross section of model  showing  centerline  instrumentation  distribution. 
Dimensions  are  in inches. 



Mixing  tube  Diffuser  7 
Test chamber 

Supersonic  
d i f f u s e r  

Fue 1 
I I I 

I 

Air e j e c t o r  
Air L Combustor 

Nozzle 
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L-80-8703.1 
(a)  Attached  flow  on  wing  and ramp €or 

6 = 25O and AZ/Ae = 0.50. 

Figure  9.- O i l - f l o w  pat terns   on  wing,  ramp,  and  aerodynamic  fence. 
a = 5O;  M, = 6.9; NRe , 03 1.00 x 106 ft-l. 
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r o i l  accumulation  line 

L-80-8795.1 
(b) Attached flow on  fence for  6 = 25O and AZ/Ae = 0.50. 

Figure 9.- Continued. 
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Region o f  separa ted  flow 

" 

L-80-8963.1 
(c) Separated  flow  on  wing  and ramp f o r  6 = 35 and AZ/Ae = 0.13. 

Figure 9.- Continued. 

0 
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L-80-8965.1 
(d) Separated flow on fence  for 6 = 35O and AZ/Ae = 0.13. 

Figure 9.- Concluded. 
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A /A = 1.00 

6 =  30 
Test 7 

e o  

'.. / 

/ 
/ 

Pressures 

Heating rates 

A /A = 0.13 

ij = 35 

Test 1 

e o  

-\ Wing 

Pressures 

(a) Attached  f low.  (b)  Separated  f low. 

Figure 10.- Typical   surface  dis t r ibut ions  of   pressures   and  cold-wal l   heat ing  ra tes  
on  wing  and ramp fo r   a t t ached  and  separated  boundary  layers. a = 5O; 6 = 35O; 
M, = 6.9; NRe,cx, =: 0.35 X lo6 f t - l .  
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T 

L Separat ion 
compression  fan 

Reattachment 
compression  fan 

Figure 11.- Simplified  flow  details  across  cove  entrance 
for  separated flow. 
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"- Oblique-shock  theory 

"- laminar flow }Ref.-enthalpy  method (ref. 8) -Turbulent  f low 
t End of laminar  separation  pressure  r ise 

Wing -+-Ramp Wing -+-Ramp 
I 

~- I E Al/A, = 0.13 

b = 25' 

NRe. ~0 
= 0 . 3 5 x  10 ft 6 -1 I b = 15' 

= 0 . 3 5 x  10 ft 6 -1 

t 

O 1  

Rt 

.1 I1 

lop """- E~ """" iB" 
I 

T r  
- k" 

. 01 I . .. ." . 

s l  r s l  r 

(b) Quasi-laminar  separated  flow. ( a )  Laminar attached  f low. 

Figure 1 2 . -  Typica l   f low  charac te r i s t ics  on  wing  and ramp su r faces .  
M, = 6.9; Tt zz 3360OR; a = 5O. 
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I 

AZ/Ae = 0.13 

= 0 .35X  10   f t  6 -1 
"- 

lo I Test  5 
k 

.1 1 
100 E 

t " 

. 01 F - ." 

s l  r 
(c) T r a n s i t i o n a l   s e p a r a t e d  f l o w  

( t r a n s i t i o n  starts downstream 
of sepa ra t ion )  . 

I 

Wing +-Ramp 
" 

AJAe = 0.13 

b = 25' 

N R e . m  = 1.oox 10 f t  6 -1 

I Test  23 ". 

" 

TI 

i 
sl r 

(d)   Turbulent   separated f l o w  
( t r a n s i t i o n  starts upstream 
of s e p a r a t i o n ) .  

F igure  1 2 . -  Concluded. 
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I " 

-" Obliaue-shock  theorv 

- ". - -Turbulent laminar flow flow  )Ref:enthalpy  method  (ref. 8) 
"""" Channel flow method (ref. 3) 

loo E A i A ,  = 0.13 

Test 1 

. 01 
1 2  3 4  5 

I 
6 
1 

7 
1 

I 

L .  E. - = = -  Ramp 

~ 3 
I I  

0 1 2 3  
slr s'lr 

Transitional separated flow 

(a) 6 = 35 . 0 

Figure   13 . -   Center l ine   p ressure   and   co ld-wal l   hea t ing- ra te   d i s t r ibu t ions  
a t  z 0.35 X 106 ft-1 for   var ious  cove seal l eak  area ratios 

and ramp angles.  M, z 6.9; Tt =: 3360 R; a = 5 . N R e ,  ~0 
0 0 
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0 0 Ref Ramp 

L. E. -+- Ramp 

loo E 
" 

10 , I  - 

10 
s l r  

Transitional  separated  f low 

0 

Wing  -+Cove L.E. -+-Ramp 

A I A  =1.00 ' -1 l e  
t Test 3 I 

0 0  

I 
T r  

I I I I I I  Isea:-i 
2 3 4 5 6 7 8 9  

s l r  
Transitional  separated  flow 

Figure 13.- Continued. 
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-" Oblique-shock 7 eory 

Laminar flow Ref. enthalpy  method  Iref. 8)  

Channel  f low  method Iref. 3) 
- " - -Turbulent   f low 
"""" 

Wing e&- Cove L.E. - = -  Ramp Wing  "& Cove L. E. - -  Ramp 
I 

A I A  = O  l e  
Test 4 

l o b -  - .- 

lob""-& 

.1 
0 

.I 

Sea' 1 
, O l L  1 I 1 I 1 1 I 1  I 

1 2 3 4 5 6 7 8 9 1 0  
s l r  

Transitional  separated flow 

'oo[p~ A$Ae = 0.13 I 

t 0 r Seal 

.o 
s / r  

Transitional  separated flow 

(b) 6 = 3 0  . 0 

A I  
1 2  
s ' l r  

Figure  13.- Continued. 
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0 

0 

Wing = +- Cove L. E. -+ Ramp 

A j A e = 0 . 5 0  ' " 

1 Test 6 

I O  
slr 

Transit ional  separated  f low 

(b) 6 = 30 . 0 

Figure 13.- Continued. 
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"- Oblique-shock yeory 

- " - -Turbulent flow 
Laminar flow Ref. enthalpy  method (ref. 8) 

Channel flow method (ref. 3) """" 

A /A = 1.00 l e  
Initial distribution 
Test 7 

10 . . ~~ . 

.1 L 
1 t =  1 sec 

10 L -  
1 --""" ' 

t \ 

0 

I Seall 

, 

. 0 1 1 I l l l l .  I 1 1 
1 2 3 4 5 6 7 8 9 1 0  

slr 
Laminar  attached flow 

0 - 
0 

0 

L 

l o o r -  Final  distribution -1 

loo mt = 0.17 

1 Tr 
I 

. '1 01 'E- I " L  \.a1 -, ~ 

1 2 3 4 5 6 7 8 9 1  
s lr 

Transitional separated  flow 

0 
6 = 3 0 .  

Figure 13.- Continued. 
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O 

Wing  a+- Cove L.E. -A- Ramp 
I 

A i A e  = 0 

Test 9 

00 

I 

I I I LLl J 
l o o  z 

10 1 
~ " ""- * 

1 :x o o  
I 

T r  

1 1 1 : 1 1  A 8 Seal 9 0 10 
1 2 3 4 5 6 7  

s l r   s ' l r  
Transitional  separated  flow 

I 
T r  

. 01 i I I I I I I 1 3  I 
1 2 3 4 5 6 7 8 9 1 0  

" 

OO", 

0 

I I  
0 1 2 3  

s l r   s ' l r  
Transitional  separated flow 

(c) 6 = 25 . 0 

Figure 13.- Continued. 
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"- Oblique-shockTeory 

- -_ - -Turbulent flow Laminar flow Ref. enthalpy  method  (ref. 8) 

Channel flow method  (ref. 3) """" 

Wing-+- Cove L.E. - = = . R a m p  
I 

Test 11 

l:o"o" 

100 

10 

L 

. 01 I I I I I I 1 i,,,,lf 
1 2 3 4 5 6 7 8 9  

C 

- 

10 
slr 
Laminar  attached flow 

0 - 
n 
0 

0 

~. . 

I I  
1 2 3  

Wing-+- Cove L.E.-+-Ramp 

Test 12 

1 

.1 E 
10 - 

- "_ ""_ 
i'tref 1 

? 
t .  
X,.% 

.1 = 
\ 

Seal 

. 01 I I I I I I I I  
1 2 3 4 5 6 1 8 9 1 0  

slr 
Laminar  attached flow 

= 25O. 

~ 

0 

0 

1 2  
s'lr 

Figure 13.- Continued. 
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loo 1 A$Ae = 0.13 
Test 13 

S 

I 
1 

F l  I I 
'011  2 3 4 5 6 7 8 9 1 0  

s l r  
Quasi-laminar  separated  f low 

(d)  6 = 1 5 O .  

~ 

" _  

c t  
0- 

" 

0 
0 

~ 

I91 
1 2 3  
s ' l r  

Figure 13.- Concluded. 
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-" Oblique-shock  theory 

- "_ - -Turbu len t   f low Laminar )Ref. enthalpy  method  (ref. 8) 
"""" Channel  f low  method (ref. 3) 

Wing-+-Cove  L.E.-+-Ramp 
I 

Test  14 

1 lr I 1 1 1 1  
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